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Abstract

Experimental studies of the stimulated Brillouin scattering instability in the

saturated regime

by

Dustin Henry Froula

Doctor of Philosophy in Physics

University of California, Davis

Professor Richard Scalettar, Chair

An experimental study of the stimulated Brillouin scattering (SBS) instability has investi-
gated the effects of velocity gradients and kinetic effects on the saturation of ion-acoustic
waves in a plasma. For intensities less than I< 1.5 x 10 W cm™2, the SBS instability is
moderated primarily by velocity gradients, and for intensities above this threshold, non-
linear trapping is invoked to saturate the instability. We report direct evidence of detuning
of SBS by a velocity gradient which was achieved by directly measuring the frequency shift
of the SBS driven acoustic wave relative to the local resonant acoustic frequency. Further-
more, a novel use of Thomson scattering has allowed us to gather direct evidence of kinetic
effects associated with the SBS process. Specifically, a measured two-fold increase of the ion
temperature has been linked with laser beam excitation of ion-acoustic waves to large ampli-

tudes by the SBS instability. Ion-acoustic waves were excited to large amplitude with a 2w



1.2-ns long interaction beam with intensities up to 5 x 10> W ecm™2. The local frequency,
amplitude, and spatial range of these waves were measured with a 3w 200ps Thomson-
scattering probe beam. These detailed and accurate measurements in well-characterized
plasma conditions allow for the first time a direct test of non-linear models of the satura-
tion of SBS. The measured two-fold increase of the ion temperature and its correlation with
SBS reflectivity measurements is the first quantitative evidence of hot ions created by ion

trapping in laser plasmas.

o N . vije 3 Jor

Professor Richard Scalettar
Dissertation Committee Chair
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Chapter 1

Introduction

1.1 Plasma physics

A plasma is a quasineutral gas of electrons and ions that act in a collective manner.
Although 98% of the matter in the universe is in the plasma state, there are few examples
of plasmas in our world. Because of the charged nature of the particles in a plasma, plasmas
exhibit fascinating collective behaviors that are not seen in normal gases. Among these are
a large variety of wave processes that are due to the long range of the Coulomb force that
correlate distant charged particles [1, 2].

Over the last 50 years, plasma physicists have used linearized equations to de-
scribe plasmas with surprising accuracy. Nature is inherently a non-linear system due to
the interweaving of other systems that interfere, cooperate, or compete, making it impos-
sible to write separable linear equations that work over a large range of parameter space.
Computers have recently become tools for simulating aspects of these complex systems,

allowing scientists to develop models where non-linear processes dominate the experimental



observables, for example, laser plasma interactions.

The interaction between an incident laser beam and a plasma, can produce a
scattered electromagnetic wave in a process called stimulated Brillouin scattering. The
SBS instability results from the resonant coupling of an intense laser pulse, a scattered
light wave, and an ion-acoustic wave. The coupling between these three waves makes SBS
inherently a non-linear process. Linear theory predicts that ion-acoustic waves will be
driven by an incident electromagnetic wave to large amplitude where it can backscatter
100% of the incident energy. Experiments have shown that SBS driven ion-acoustic waves
will saturate far below this point, therefore, indicating a need for a non-linear model which
will limit the backscatter reflectivity [3, 4, 5, 6]. Previous theories have suggested non-
linear saturation mechanisms of ion-acoustic waves through two-ion decay, trapping, and
wave breaking [3, 7]. In order to model recent experiments [8] a non-linear secondary
decay process was suggested, and models used an unphysical clamp on the amplitude of the
ion-acoustic wave to limit the backscatter reflectivity. This is a verification that non-linear
mechanisms must be added to models. Furthermore, theory has long predicted that velocity
gradients will create a mismatch in the parametric SBS instability therefore, reducing the
amplitude of the ion-acoustic waves [cite].

In this thesis, we will experimentally investigate the ability for hydrodynamics
(velocity gradients) and non-linear kinetic effects (trapping) to saturate ion-acoustic waves
in a plasma. We use a new technique that measures the relative damping of two ion-
acoustic modes to determine the ion temperature with high accuracy. We measure up to

a factor of two increase in the ion temperature when ion-acoustic waves are excited by



SBS. This measurement of the ion temperature, and its correlation with SBS, is the first
direct quantitative evidence of hot ions created by trapping in laser produced plasmas.
Furthermore, we report the first direct evidence of detuning of SBS by a velocity gradient,
which was achieved by directly measuring the frequency shift of the SBS driven acoustic

wave relative to the local resonant acoustic frequency.

1.2 Summary of conclusions

Two saturation process that are important in limiting the SBS reflectivity have
been observed and are discussed in this thesis: saturation due to velocity gradients, and
direct quantitative evidence of hot ions created by trapping. We will present data that
indicate that both the ion-acoustic wave and the SBS reflectivity saturate for intensities
above I= 1.5 x 10" W e¢m™2. It is clear that non-linear effects have saturated the SBS in-
stability. The findings have been summarized in four publications which have been included
as appendices.

We have measured an increase in ion temperature as a function of the SBS excited
ion-acoustic wave amplitude. As the interaction beam excites ion-acoustic waves, the ion
temperature in the plasma was measured to increase, while we found no change in the elec-
tron temperature. This direct observation of an increase in ion temperature is an indication
of ion trapping. The driven ion waves accelerate ions through non-linear trapping creating
hot ions. After thermalization, this will increase the average ion temperature which we
have measured using Thomson scattering. It is clear in these experiments that driving ion-

acoustic waves to large amplitude transfers energy into the ions (kinetics). In our range of



experimental parameters the population of Be ions near the phase velocity of the acoustic
wave is large enough so that trapping effects are a plausible saturation mechanism. Trap-
ping induces a modification of the dispersion relation for the SBS acoustic wave, creating
a non-linear frequency shift [7, 9]. This non-linear frequency shift detunes the SBS three
wave coupling therefore, saturating the ion-acoustic wave.

We have directly investigated the detuning process using two Thomson-scattering
diagnostics that allow a direct measure of the shift in the frequency of the local SBS driven
ion-acoustic wave relative to the beat frequency of the incident and reflected light. Using
this novel technique we present the first measurement of the actual detuning of the SBS
driven ion-acoustic wave while simultaneously measuring the local velocity flow. Velocity
gradients shift the local resonant frequency, detuning the SBS instability and reducing the
threshold for non-linear effects. But clearly once the interaction beam intensity exceeds
an intensity of 1.5 x 10> W c¢cm~2 previously discussed kinetic effects (trapping) play an
important role in saturating SBS. Preliminary modeling is consistent with experiments

indicating that both velocity gradients and trapping effects are critical.

1.3 Outline

The thesis is broken into four parts: General plasma theory, Experiments, Re-
sults and discussions, and Summary and conclusions. Part I discusses a kinetic approach
to plasma physics developing the necessary background to understand stimulated Brillouin
scattering and the theoretical underpinning of Thomson scattering. In Part II the laser

configuration, the diagnostics, and the plasma characterization are described. Part III is



split into two chapters that discuss our measurements of the detuning of the SBS insta-
bility. Chapter 7 reports on the effects of velocity gradients while Chapter 8 discusses our

measurements of kinetic effects. The results are summarized in Part IV.



Part 1

General plasma theory



Chapter 2

General Plasma Physics

In this chapter we will investigate the ion motion within a plasma by calculating
the evolution of the velocity distribution functions. This can be described by the Vlasov
equation when collisions are ignored. The Vlasov equation will allow us to develop a plasma
dielectric function which can be used to determine the particle motion and specifically the

ion-acoustic wave dispersion relation.

2.1 Kinetic theory

A kinetic description of a plasma allows one to consider each specie’s velocity distri-
bution independently. The one-dimensional particle distribution function is the probability
density associated with an ensemble of particles and can be assumed to be a Maxwellian-

Boltzmann:

m /2 2
f§“=< g > e . (2.1)
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where ky, is the Boltzmann constant, v, = <k&i) , T, and m, are the respective species
temperature and mass. «a denotes the particle species (e.g. electrons, ions). The kinetic de-

scription will allow us to calculate the general ion-acoustic dispersion relation, the damping

rates, and will provide insight into the electron and ion particle motion.

2.1.1 Vlasov equation

The Vlasov equation [10, 2, 11], in conjunction with Maxwell’s equations, provides
a complete description of a collisionless plasma. The Vlasov equation is simply the con-
tinuity equation describing the evolution of the particle distribution function, f(x,v,t) in
phase space,
of

0 0
Lt (V) + o (af) =0, (2:2)

Newton’s Second Law and the Lorentz Force Law can be solved for the acceleration,

a:%(E+va), (2.3)

where m and q are the mass and charge of the particles; E and B are the electric and

magnetic fields. Combining Eq. (2.2) and Eq. (2.3) one arrives at the Vlasov equation,

of

of of ¢ B
+ ov

—+4+v-—+—(E+vxB)

. 2.4
ot ox m 0 (2:4)

From the Vlasov equation, we can use the Poisson equation to relate the electric fields to
the density and determine the plasma dielectric function.
2.1.2 Plasma dielectric function

The Vlasov equation in conjunction with Poisson’s equation can be used to derive

the plasma dielectric function which describes the response of the plasma to small per-



turbations in the electric field. Assuming a distribution function for each particle in the

form,
f(x,v,t) = fo(v) + fi(x, 1), (2.5)

where f, is the distribution function (Eq. 2.1) and f; is a first order perturbation around

—i(k-x—wt)

the equilibrium distribution, fi e , the Poisson equation can take the form,

eV -E1 = —ene/ffdv + Z ZaQaNa / fidv (2.6)

where Z, is the average charge state, n, is the density of the a-ion species, and E;
e tlkx—wt) s the electric field resulting from the small perturbation in the distribution
function.

Letting the external magnetic and electric fields be zero, B, = E, = 0, and

reducing the dimensions to one for simplicity, the Vlasov equation (Eq. 2.4) can be written,

offt | Of | 4k 015

ot v or m Ov =0 (2.7)

Solving this equation for the first order perturbation in the particle distribution function,

. ofe
iZa By S

meg w—kv’

= (2.8)

and substituting into the Poisson equation (Eq. 2.6) the plasma dielectric function can be

defined:

™
Il

2 ofs 272 of

€ Me ov € Zanoé / v
— dv — dv. 2.9
comek? / v— % v Z comak? ) v—% v (29)

«

As can be demonstrated by the Poisson equation, the field generated by a density perturba-
tion scales as the inverse of the dielectric function. Therefore, the roots of Eq. 2.9 describe

the normal modes of the plasmas (i.e. resonant responses).
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The first and second non-constant terms in Eq. 2.9 are defined as the electron, y.,
and ion, ., susceptibilities respectively. The particle susceptibility has a singularity at the
phase velocity (vg = %). In general the particle susceptibility can be solved numerically [12].
In the special case when the phase velocity is large and there is weak damping Landau
showed that the integral can be solved in the complex plane using a contour that follows
the real axis with a small semicircle around the pole [13]. In this case the equation for the

susceptibility becomes,

w

Xa:_k

[ol\)

+o0 aﬁ Ofe
P/ vy +ir Jo

oo U — Vg ov

N

(2.10)
v=w/k
e2Z2%n

where w? = oS the plasma frequency of the a-species; P denotes the Cauchy principal
value. The contribution of the different particles to each mode is apparent through the

calculation of the respective species susceptibilities. The real and imaginary parts of the

susceptibility are treated separately in the following sections.

2.2 Ion-acoustic wave dispersion relations

The ion-acoustic wave dispersion relation describes the low frequency collective
effects in a plasma. The thermal velocity (vy, = \/% ) of a specific species specifies how it
participates in the collective effects. When a species has a large thermal velocity, it tends to
screen electric potentials that are setup by slower species. We can therefore, categorize the
species into two limiting sets separated by the phase velocity of the wave. The susceptibility

(Eq. 2.10) of a species with a thermal velocity much greater than the wave’s phase velocity
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(ven, >> vg) can be Taylor expanded around %‘15 ~ 0 giving,

1
Re(xa)lyy ey = ~2as (2.11)
A/ vy <<vip k2)\3
where \2 = Zgoeig(;ba is the Debye length for a given species.

In a plasma, waves will be supported by the species moving much slower than the
phase velocity. In this case, vy >> vy, so we can Taylor expand Eq. 2.10 around % ~ 0

giving,

1 3v2
¢ ¢ Vg >>Vth

2.2.1 Single species dispersion relation

The normal modes of a plasma can be determined by solving for the roots of the
plasma dielectric function,

e=14+xe+xi=0. (2.13)

Because we are interested in the low frequency ion-acoustic waves, we can assume that the
electrons are moving much faster than the wave (v, >> v4) and therefore move to screen the
electric potential of the slower ion motion. We can then substitute the screening solution

(Eq. 2.11 ) for the electrons and the wave-like solution (Eq. 2.12) for the ions into Eq. 2.13,

1 w? [ k2 o k2
- k‘2—)\2 + k:_; [E (1 + 3v; E =0. (2.14)
2
The ion susceptibility, x;, is much greater than one (% >> 1) therefore, the single species
ion-acoustic dispersion relation becomes,
2 w2 kae Z 3Te
2= =

= +
k2 M [1+ (kX)?

C

(2.15)
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Where c; is defined as the sound speed in a plasma. It is apparent that the sound speed of
the ion-acoustic wave scales, to first order, as the product of the charge state and the electron
temperature. Thomson scattering experimentally measures the sound speed of waves and
therefore, providing a direct measure of the electron temperature when the charge state is

known.

2.2.2 Multi-ion species dispersion relation

We will now look at a plasma that consists of multi-ion species. Specifically the
use Au-Be ions to derive a dispersion relation will help understand physical trends in ex-
periments which used a mixture of Au-Be to make a novel ion temperature measurement.

For a plasma with Au and Be ions, there are two weakly damped acoustic solutions
to Eq. 2.9. Because a Au-Be plasma has two phase velocities (i.e. two modes), we can
separate the species into three limiting sets, as compared with the two used for the single-
ion species case. There are species that have a thermal velocity which is less than both of
the phase velocities, species that have a thermal velocity between the phase velocities, and
species that have a thermal velocity greater than both of the phase velocities. Once again

the normal modes of the plasma can be determined by solving Eq. 2.9,

€ =1+ Xe+xBe + Xau =0, (2.16)

“Fast” ion-acoustic wave dispersion relation

For the mode that has the larger phase velocity (defined as the “fast” mode),
both ion-species oscillate in a wave-like behavior while the electrons work to screen the ion

motion (vBe << vy << ve). Therefore, the roots of the dielectric function (Eq.2.16) can be
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found by substituting Eq. 2.11 for the screening electrons and Eq. 2.12 for the Au and Be

ions into Eq. 2.16,

1 w? w?
Re(e) =1+ 155 + wB; + ;‘2“ =0 (2.17)
e

The Au susceptibility is much smaller than the Be susceptibility due to the respective masses
(z—fe << 1) and therefore can be ignored. The Be susceptibility is much greater than one,
leading to a dispersion relation for the fast ion-acoustic mode which is similar to the single

ion species case (Eq. 2.15),

(W)Q _ Zpckvle | (2.18)

fast MPBe

k

Once again the phase velocity of the wave scales with the electron temperature.

“Slow” ion-acoustic wave dispersion relation

In the mode with the smaller phase velocity (defined to be the “slow” mode), the
Au ions oscillate, while both the electrons and Be-ions screen the potential created by the
Au motion. In this case, solving for the root of the dielectric function (Eq. 2.16) a phase
velocity between the thermal velocities of the Be and Au ions (va, << vy << vp) is
used. Therefore, the screening susceptibility, Eq. 2.11, is used for both the Be ions and the
electrons; the wave-like solution, Eq. 2.12, is used for the slow Au motion. Here we keep

only the first order terms and note that both ion susceptibilities are greater than one,

2 ZaukTe [npe | T. np.] ™"
(w) :&[nijt—n’g] . (2.19)

k NAu TBe N Ay

slow M Ay
This is an important result for our experiments as it allows us to measure the average
charge state of the Au ions. As in the single species case, the phase velocity of the modes

are proportional to the product of the electron temperature and the individual species charge
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state. Therefore, if the charge state of one of the species is known (as is the case with Be
because it is relatively easily fully ionized) then the electron temperature is determined by
the fast mode allowing for the charge state of the second species to be determined by the

phase velocity of the slow mode.

2.3 Linear Landau damping

In 1947 Landau predicted that even in a collisionless plasma there would be damp-
ing of electrostatic waves due to acceleration of particles near the phase velocity. Landau
pointed out that a correct treatment of the Vlasov equation gives a finite imaginary part
the susceptibility [11]. For an electrostatic wave propagating through a plasma, the major-
ity of the particles are not moving at the waves phase velocity but merely oscillate in the
field taking no energy from the electrostatic wave. Landau damping is caused by particles
moving at velocities near the phase velocity of an electrostatic wave. These particles feel a
nearly constant field and therefore, can be efficiently accelerated. This transfer of energy
from the wave to the particles damps the electrostatic wave. There are two main conditions

for Landau damping to be effective:

(1) there must be sufficient number of particles at the phase velocity,

(2) there must be more particles moving slightly slower than the phase velocity than slightly

faster than the phase velocity, namely the distribution function must have a negative slope

dfo(ve)
2 <O0.

around the phase velocity,
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Landau damping accelerates the particles moving slightly slower than the phase veloc-
ity, while decelerating the particles move slightly faster than the phase velocity. If there
are more particles (around the phase velocity) moving slower than the phase velocity, then
there will be a net energy transfer from the field into the particles and the wave will be
damped. Conversely if there are more particles moving faster than the phase velocity then

there will be a net energy gain in the electrostatic wave and the wave will grow. The

Vi

normalized damping rate (2) can be calculated from the imaginary part of the dielectric

function (Eq. 2.9) which gives,

v; m (2T, 3/2 2T
N i i 2.20
ZENG ( ; ) e (2.20)
for the ion species and,
7 1/2
Ve _ T ( me) ~ 1.5 x 1072/Z/A (2.21)
8 m;

for the electrons, where A is the atomic number. For a typical fully ionized Be plasma
(T./T; = 3), the Landau damping is 5%. In Sec. 4.3 we will plot the damping rates for
our Be-Au experiments which has led to a unique measure of the ion temperature in our

plasmas.

2.4 Non-linear Landau damping

When ion-acoustic waves grow to large amplitude, Landau damping becomes non-
linear and particles begin to be trapped in the electrostatic potential of the ion waves. These

trapped particles are accelerated along with the ion-acoustic wave as they oscillate (bounce)
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from one side of the potential to the other. Trapping modifies the dispersion relation which
tends to slow the ion-acoustic wave. If there are a reasonable number of collisions, these
accelerated particles will collide with untrapped particles increasing the ion temperature of

the plasma.

2.5 Particle motion in Be-Au plasmas

The relative motion of the different particles to each mode is apparent through the
calculation of the respective species susceptibilities which is shown in Fig. 2.1. The relative
motion of the particles is given by the sign of the real vector component of each specie’s
susceptibility (Re(xq)). For the slow mode (left column), both the Be and electron species
have susceptibilities with a real component (Eq. 2.10) opposing that of the Au species,
therefore, both the electron and Be ion motion screen the Au ion fluctuations.

The right column of Fig. 2.1 shows the respective motion of the species to the fast
mode. Here both the Be and Au ions participate in the wave (i.e. both have real vector
components in the same direction, Eq. 2.12), while the electron motion screen the fields set
up by the ions.

For both the slow and fast modes, the damping is controlled by the Be ions as the
Au jons are moving much slower than the phase velocities of either mode (v 4, << v4) and
therefore, there are not enough Au ions to participate in damping the wave, condition (1)
in Sec. 2.3. There is a small amount of damping due to the electrons which is not sensitive
to the electron or ion temperature (Eq. 2.21).

Figure 2.2 shows the normalized Landau damping for the fast and slow modes as
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Figure 2.1: The magnitude and phase of the susceptibility for each species is shown for
both the slow and fast modes by the amplitude and angle of the corresponding arrow.
In the slow mode, the Be ions screen (top left Re(xpe) > 0) the motion of the Au ions
(middle left Re(xa,) < 0). The Au ions participate very little in the fast mode (middle
right |xBe] << 1). In both modes the electrons have a screening effect (bottom row).
There is a small imaginary component in the suceptibilities of the fast mode, therefore, the
mode is weakly damped (right side). The slow mode has significant contributions along the
imaginary axis resulting in large damping.
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a function of ion temperature. Notice as the ion temperature increases the damping of the
two modes reacts qualitatively different; the damping of the fast mode increases while the
damping of the slow mode decreases. This can be explained physically by looking at the
details of where the phase velocity is in regards to the Be ion velocity distribution function.
As the ion temperature increases, the distribution function of the Be ions broadens. There-
fore, the number of particles at the phase velocity of the fast mode available to participate
in damping increases and the damping of the fast mode goes up (condition 1 in Sec. 2.3).
This is in contrast to the slow mode where the phase velocity is in the bulk of the distri-
bution function, therefore, the number of particles at the phase velocity of the mode stays
relatively constant. Around the phase velocity of the slow mode, the proportion of fast
ions increases more rapidly than the number of slow ions therefore, decreasing the Landau

damping (condition 2 in Sec. 2.3).
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Figure 2.2: Normalized Landau damping, v,/w, for the fast mode (dashed line) and the
slow mode (solid line), as a function of the ion temperature for a fixed electron temperature,
T. = 600 eV. The concentration of Au was 10%. The shaded region corresponds to the range
of ion temperatures in the present experiment where the slow mode is more heavily damped
than the fast mode.
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Chapter 3

Stimulated Brillouin scattering

In this chapter we will develop a three-wave model describing light interacting
with a plasma. We will see that the ponderomotive force created by the beating of an
incident and scattered light wave can drive ion-acoustic waves to large amplitude where a
non-linear model is needed. We propose a non-linear frequency shift as a possible saturation
mechanism.

The stimulated Brillouin scattering (SBS) instability results from the resonant cou-
pling of the incident electromagnetic wave with an ion-acoustic wave and a back-scattered
electromagnetic wave. The beating of the incident and scattered wave creates a pondero-
motive force which resonantly drives the acoustic wave. In turn, the growing ion-acoustic
wave Bragg scatters the incident wave, causing the ion waves to grow from thermal noise

to large amplitude [3, 4, 8, 5, 6].
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3.1 Electromagnetic and ion-acoustic wave interactions

An electromagnetic wave incident on a plasma will interact directly with the elec-
trons which in turn set up an electric-potential that will interact with the ions. It is therefore
through the electrons that the light wave indirectly couples to the ions. The electromag-
netic wave equation for light propagating in a plasma can be derived from Maxwell equations

assuming a constant background density of electrons,

0? 5 02 9
@ — C @ —{—wpe E(LE,IJ;) = 0 (31)

This equation can then be linearized by expanding the electric field and density,
E(x,t) = Ey(x,t) + Eq(x,t), (3.2)
n(x,t) = ne + on(z, t), (3.3)
where n. is the background neutral density and dn is a small first order perturbation around

this density. Substituting these linearized equations into the electromagnetic wave equation

(Eq. 3.1) keeping only first order terms and assuming F is small compared to F, one gets,

0? 5 02 9 9 0N
ﬁ — C @ + wpe Es(m,t) = —wpen—eEO. (34)
The fields can further be expressed as a product of a slow (E(z,t)) and fast (e_i(k$_“t))
oscillation:
B, = E,(x,t)e” (kor—wot) (3.5)
B, = E,(z,t)e (Thsz=wst) (3.6)
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Substituting these equations into the linearized wave equation (Eq. 3.4), while keeping
only the first order low frequency terms, two coupled linearized equation describing the

interaction between the incident light waves and ion-acoustic waves in a plasma is expressed,

o 8]~ wion -

[a — C—ax:| ES == ’L—zws n_eEO (38)
o 9]~ wlon -

[a + Ca—x:| Eo = 22—(‘)3 n—eEs (39)

where E, and E; are the low frequency components of the electric field, E.

3.2 Driven acoustic waves (ponderomotive coupling)

The product between the incident and reflected light waves drives ion-acoustic
fluctuations from an initial thermal level to large amplitudes. Electrons oscillating parallel
to an electromagnetic field gradient, produced by the product of the incident and reflected
light waves, move farther in the half-cycle when they are traveling from a strong electric
field region to a weak electric field region, therefore, there is a net drift [2]. When the
electromagnetic field gradient resonantly couples with the ion-acoustic fluctuations, then
the electrons drift from regions of low electron density to regions of high electron density
therefore, increasing the amplitude of the resonant ion-acoustic wave.

A wave equation that couples an electromagnetic field to a density fluctuation in

a plasma can be derived through fluid equations to be [10],

0? 2| 0N Ze? 9| 112
— -V —=——=V?|E 3.10
ot? TVLT G Ne  2mimew? 2] (3.10)

where vy, is the linear Landau damping (Section 2.3). Expressing the fields as a product of
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slow and fast oscillations (Egs. 3.5-3.7) one finds,

o 21.2
[Q re VL:| on _ Lnek <E0ES) (3.11)

ot Ox Ne Z4771@-7716(41%(41
From Eq. 3.11 the coupling between the product of the incident and reflected light and the
ion-acoustic wave is apparent. If either the incident or scattered electric field are increased,
the amplitude of the acoustic wave grows. We can now use these coupled wave equations

to calculate the SBS reflectivity from a plasma.

3.3 Stimulated Brillouin scattering reflectivity (linear the-

ory)

An electromagnetic wave propagating through a plasma will scatter from density
fluctuations. The light scattered from ion-acoustic waves will beat creating a ponderomotive
force pushing electrons from low density regions of the acoustic wave to regions of high
density. This in turn increases the amplitude of the acoustic wave which will increase the
scattered light. The increased amplitude of the scattered electromagnetic wave will increase
the ponderomotive force on the electrons and the process will repeat provided the acoustic

wave remains resonant [Fig. 3.1].

Es(0)
E,(0)

2
The light reflected from the plasma (r= < ) ) can be calculated using a linear

three wave model (Egs. 3.8, 3.9, and 3.11). If we assume that the light waves have been

driven into a steady state, Eqgs. 3.8 and 3.9 become,

OF 2n,  on ~
s e Mg (3.12)
ox 2€,MeWo Ne

2 o ~
OF, _,_cmne 5—”E8 (3.13)

ox 2€,MeWo Ne
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Figure 3.1: (1) Incident light scatters from density fluctuations. (2) The scattered light
beats with incident light. (3) The ponderomotive force drives density fluctuations with a
wavelength equal to the beating wavelength.

It can be shown that in the large damping limit (0;Es — ¢;0,Es) can be neglected and

Eq. 3.11 will reduce to,

o1 VA .
I/L_n - 3 (EOE ) .
Ne dmymewiw

(3.14)

»

If we further assume that there is no pump depletion, E, is a constant, we can easily solve
this system of equations for the light backscattered along the incident beam between z=0

and z=L,

r

(ET(m)Q (s = 0)e2C (3.15)

where L is the length in which SBS is resonant and G is the linear gain,

o G5(2) (2] —oe (] () o

where w is the ion-acoustic frequency and c; is the sound speed. The reflectivity at the

far edge of the plasma (r(z=0)) can be calculated from thermal noise for our experimental

conditions (n, = 10%° ecm~3, A\, = 0.527 pym, Q = 3 x 1072, L = 500 pum):

1 .
r(z=0) = irgneLQ ~6.2x107° (3.17)
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where 7, = €2/mc? = 2.8 x 10713 cm is the classical electron radius, L is the scale length
in which the waves remain thermal and 2 is the solid angle of the collection optics.

We can estimate the value of the linear gain when the reflectivity reaches 100% by
solving Eq. 3.15 for the gain; Ggge; = 10. This indicates that in order for linear theory to be
valid the gain must be much less than Ggge. For our experimental conditions (ZBTEZT" =10,
Ao = 0.527 pm, L= 1000 pm, I=5x10* W-cm=3, vy /w = 0.05 see Sect. 2.3), the gain
is of order G=200 therefore, it is clear a non-linear model must be used to saturate the

ion-acoustic waves and limit the reflectivity.

3.4 Saturation of the stimulated Brillouin scattering reflec-
tivity by non-linear frequency shift

In our range of experimental parameters (6 < Zp.T./T; < 14) the population
of Be ions near the phase velocity of the acoustic wave is large enough so that trapping
effects are a plausible saturation mechanism. Trapping suppresses the ionic part of the
linear Landau damping of the driven wave by flattening the distribution function around
the phase velocity of the wave [7, 14]; therefore, a lower limit for the residual damping,
v, is the electronic Landau damping and a small collisional damping (v./ws =~ 0.015, see
Sec. 2.3).

Another effect of the trapping is a modification of the dispersion relation for the
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SBS acoustic wave, creating a non-linear frequency shift, 6Q [7, 9, 15]:

5 on 1 _
R n(ne) =
IBe 2 T. on
—m(v‘l—vQ)e /2 ZBef(n—)l/% (3.18)

where 7 is the detuning parameter, w is the SBS acoustic wave frequency, fp. is the fraction
of Be ions in the plasma (fg. = 0.9), and v = v4/VBe, VBe = ]]f}—gi is the thermal velocity
of the Be ions. The phase velocity (vy) of the fast mode is given by the multi-ion-species
dispersion relation (v? is of order of Zg.T./T;).

This non-linear frequency shift detunes the resonant coupling between the inter-
action beam and the ion wave, therefore saturating the SBS instability. As the ion-acoustic
waves are excited to large amplitude, ions are accelerated in the wave’s potential well’s
therefore slowing the wave’s phase velocity detuning the SBS resonance so that energy is
no longer coupled in to these ion-acoustic waves by the incident laser.

Combining these effects in to the linear model developed in Section 3.2, one

adds a damping term that is proportional to the non-linear frequency shift (Eq. 3.18) to

Eq. 3.11 [16]:

o1 o als -
i[O, | e iZe _ (E0E> (3.19)
Ne Ne deomimewiw,

Balancing the two terms on the LHS of Eq. (3.19) shows that detuning becomes important
for SBS saturation when dn/n. ~ v%/n? ~ 0.1% for our parameters. Solving the system of
equations [Egs.(3.12-3.19)] between z = 0 and z = L leads to:

5

Te

3n*
202

5

e

L
Gsps(L) = lln ] , (3.20)
0
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where Ggpg is the usual linear convective gain (see Sect. 3.3) calculated with the reduced
damping discussed at the beginning of this section.

The logarithmic part of Eq. 3.20 is responsible for an exponential growth until
detuning dominates the damping, leading to a polynomial growth in length. The SBS
reflectivity for different fractions of Au is shown in (Fig. 3.2a). Parameters used in the model
were selected to match the experiment (L= 800um, T;/T, ~ 1/2, Iy = 3 x 10! W ecm~2,
ne = 1020 em=3). The scaling with the fraction of Au ions comes mainly from a decreasing
phase velocity of the fast mode when the fraction of Au ions is increased, which increases
the number of ions at the phase velocity, resulting in a larger detuning parameter (n), and
therefore more efficient detuning, (i.e., the same acoustic wave amplitude creates a larger

frequency shift) [Fig. 3.2].
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Figure 3.2: (a) Calculations for SBS reflectivity as a function of Au concentration in Be
plasmas. Linear theory predicts nearly 100% (open circles). Our non-linear model (dark
squares) predicts a 10% level of SBS. (b) As more Au ions are added to a Be plasma, phase
velocity of the SBS driven wave decreases (right axis, dashed lines); more Be ions can be
trapped, and the detuning parameter (7)) increases (left axis, solid lines). Two sets of curves
are shown for T; = 400 eV (upper curve) and T; = 250 eV (lower curves).
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Chapter 4

Thomson Scattering Diagnostic

Thomson scattering is a powerful technique that allows one to directly measure the
frequency and relative amplitude of oscillations in a plasma. From the measured frequency,
the local sound speed, electron temperature [17], and particle velocity flow [18] can be
determined. The amplitude of the fluctuation is proportional to the square root of the
scattered intensity. In multi-species plasmas, the relative amplitude of the ion-acoustic
waves allows an accurate determination of the ion temperature [19].

Through an investigation into the plasma dielectric function (Chapter 2) it is
evident that a plasma will support density fluctuations which propagate with a specific
dispersion. As we are primarily interested in low frequency fluctuations for our experiments,
we will assume an ion-acoustic dispersion relation (Sec. 2.2).

Thomson scattering is the process in which electromagnetic waves are scattered
by electrons [20]. For example, the electric field from an electromagnetic wave incident

on a single electron will drive the electron to oscillate at the frequency of the incident
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Figure 4.1: (color). Non-collective Thomson scattering (left) reveals a spectrum (right plot)
that is a function of the velcity of the electrons.

wave [21]. The accelerating electron will radiate a scattered electromagnetic wave at the
frequency of oscillation. If we then imagine that in addition to the oscillation due to the
incident electromagnetic wave, the electron is moving at some velocity towards our detector,
the radiated light will be Doppler shifted to higher wavelengths. The frequency shift of the
scattered light is a measure of the velocity of the electron. If we further include an ensemble
of electrons, our detector will measure light that is both red- (shifted to longer wavelengths)
and blue-shifted (shifted to shorter wavelengths). By measuring the spectrum of the light
scattered we can measure the electron velocity distribution function [Fig. 4.1].

Let us now look at an example where the plasma consists of both ions and electrons.
We will setup our scattering geometry and the measured frequency window to allow for the
observation of collective Thomson scattering from low frequency fluctuations in the plasma.
In this case, we are observing light scattered from electrons that are screening the slow

ion-acoustic motion. The motion of the ions, and consequently the electrons, are governed
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by the ion-acoustic dispersion relation (Eq. 2.15),

2 _ kT Z 3T,
S M |1+ (ko)

(4.1)

The light scattered from these fluctuations will be Doppler shifted by the acoustic
phase velocity (cs). Two peaks will be observed in the scattered spectrum; light shifted to
the blue corresponds to light scattered from an acoustic wave with a velocity component
towards the detector, and light shifted to the red corresponding to light scattered from an
acoustic wave with a velocity component away from the detector [Fig. 4.2]. The separation
between the two peaks in the spectrum is proportional to the sound speed of the ion-acoustic
wave (see Sec. 2.2),

At

AXjgw = 25—

2me

(cska) (4.2)

where A\, is the wavelength of the probe laser and k, is the wave number of the ion-acoustic
wave. If there is an ion flow relative to the laboratory frame, then the scattered light will

have an additional shift given by,

2
A fiow = 255 (y k). (4.3)

2me

4.1 Thomson scattering parameter

The scattering parameter («) allows one to determine whether the measured light

is characterized by single particle behavior (short wavelength fluctuations) or light scattered
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Figure 4.2: (color). Light scattered from low frequency fluctuations reveals two peaks
corresponding to co- and counter-propagating ion-acoustic waves.

from collective motion (long wavelength fluctuations). The scattering parameter is the ratio

of the fluctuation wavelength () to the Debye length (Ap.),

1 A
~ FApe  Ape

o (4.4)

When the scattering parameter is large (o« >> 1), then the wavelength of the probed
fluctuation carries over many Debye lengths and wave-like behaviors are probed (collective
scattering). When the scattering parameter is small (« << 1), the fluctuation wavelength
is shorter than the Debye length and individual electron motion is probed (non-collective
scattering). The probed wavelength can be determined by selecting the wavelength of the
incident probe laser light (ks = f—l), the wavelength of the observed light (ks = i—’sr), and

the direction of observation relative to the incident light () [Fig. 4.3].

When the wavelength shift between the scattered light and the incident light is
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Figure 4.3: The wave vector of the fluctuations are determined by momentum (k¢s = kg + k)
and energy (w¢s = ws + w) conservation.

small (ks & ki) then,

0
k = 2k sin 7 (4.5)

This condition holds for scattering from low-frequency ion-acoustic fluctuations, but not for

scattering from higher-frequency electron plasma waves.

4.2 Thomson scattering theory

The time-averaged Thomson scattered power (Ps) per unit solid angle (€2) per unit

frequency (w/2m) is given by [22],

dP, P
S — 7 1_ -2 2 _ N k 4
diddoan — 724 (1= 5i°0c057 [0 = gol) NeS (I, ) (4.6)

o

where r, = W‘L;; is the classical electron radius, P; is the incident power, A is the cross
sectional area of the incident beam, NN, is the number of electrons in the scattering vol-
ume, V. The wave vector and frequency of the probed fluctuation (k,w) is the difference

in the wave vector and frequency between the probe (kis,wts) and the scattered (ks,ws)
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electromagnetic waves [Fig. 4.3],
k = kiq + ke (4.7)
W= Wg — Ws. (4.8)

0 is the scattering angle, and ¢ — ¢ is the angle between the incident electric field vector,
and kg in a plane perpendicular to kis.

The single-ion species dynamic form factor for a collisionless plasma,
2 w 277 | x;i w
() = 5 1218 (%) (49

k
was determined in 1960 by Fejer [17] using a linearized Vlasov equation to express the par-

27 Xe

ticle motion within a plasma. In the above equation, f ( %) are normalized one-dimensional
distribution functions (Eq. 2.1) in the direction of k evaluated at the phase velocity vy = £.
Z is the average electron charge state. € (k,w) =1+ x + x; is the plasma dielectric func-
tion and e, x; are the electron, ion susceptibilities discussed in Sec. 2.1.2. It is evident
from Eq. 4.9 that peaks will appear in the scattered spectrum whenever Re(¢) = 0, the
natural modes of the plasma. An ion-acoustic wave corresponds to a weakly damped low-
frequency natural mode, therefore, one expects for a single-ion-species plasma, two peaks
in the scattering spectrum corresponding to wave-vectors k. The wavelength separation
of the two peaks is twice the phase velocity of an ion-acoustic wave which is given by the

linear dispersion relation (Sec. 2.2.1),

kT Z 37,

+ 4.10
M; [14(kX\)* T (4.10)

2 _
Vg =

For a high-Z plasma or for % << 1, the second term in Eq. 4.10 can be neglected. In this

case the frequency separation of the ion-acoustic peaks is proportional to the electron tem-
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perature. The wavelength separation between the two peaks is A\ = 2w, \2/27c. Therefore,

we find from Egs. 4.5 and 4.10,

4)\253 . 0 Zkae
AN = S Y . — 411
A=—sin (2) M;(1+ k2X2) (4.11)

It is clear from Eq. 4.11, that the separation of the two acoustic peaks in the Thomson

spectra allows the measure of the electron temperature when the average charge state (Z)

is known.

4.3 Multi-ion species Thomson scattering spectra

Adding a second ion species to a plasma introduces another set of acoustic modes,
therefore, two additional peaks are expected in the Thomson scattering spectra. In 1970

Evans [23] adapted the theoretical form factor to include multi-ion-species plasmas,

w

£, <E> (4.12)

Figure 4.4 is a plot of the calculated scattering power spectrum, Eq. 4.6, using the multi-

Xa
9

ion form factor (Eq. 4.12) for a Be plasma with the addition of 10% Au. By varying the
electron temperature while holding all other parameters fixed (7; = 250 eV, Z = 4,n, =
1.5 x 10'® cm™3), three spectra are plotted showing the sensitivity of the form factor to the
electron temperature (Fig. 4.4). The peaks with the greatest separation correspond to a fast
ion-acoustic mode, Eq. 2.18 (vy4/c = 4.2 10~%). The smaller, less shifted peaks, correspond
to a slow ion-acoustic mode, Eq. 2.19 (v4/c = 9 x 1075). For our conditions, there is a
weakly damped fast mode (the normalized Landau damping from Sec. 2.3 is vy /w = 0.05)

and a larger damped slow mode (v, /w = 0.3).
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Figure 4.4: (a) The theoretical form factor is plotted for 20% variations in electron temper-
ature, (b) and ion temperature while all other parameters are held fixed.

As in the single species case, the separation between the peaks corresponding to
a particular mode is proportional to the phase velocity of the mode (if the modes are well
separated) therefore, if the charge state of one of the species is known, then the electron
temperature, and the charge state of the second species can be measured (See Eqs. 2.18
and 2.19).

Furthermore, the two-ion-species plasmas allow us to measure the ion temperature
in a unique way; the relative amplitude of the peaks in the Thomson-scattering spectra
belonging to the slow and fast ion-acoustic waves provide an accurate measure of the ion
temperature. As a result of the sensitivity of Landau damping to ion temperature (see
Sec. 2.3), the damping of the fast mode increases while the damping of the slow mode
decreases when the ion temperature is increased. Figure 4.4b illustrates the respective

increase or decrease in the amplitude of the peaks in the Thomson scattering spectra when
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Figure 4.5: The ratio between the amplitude of the light scattered from the fast mode
to the amplitude of the light scattered from the fast mode is plotted as a function of ion

temperature for a fixed electron temperature, T, = 600 eV. The shaded area represents the
experimental region.

the ion temperature varies. Figure 4.5 indicates the sensitivity of the Thomson-scattering
spectra to the ion temperature; the ratio between the amplitudes of the slow and fast mode
is plotted as a function of ion temperature while all other parameters are held constant. In

practice, the average charge state, the velocity flow, the electron and ion temperatures are

determined through a four parameter fit of the form factor, Eq. 4.12.

4.4 Scattering from stimulated Brillouin excited acoustic waves

When a high power laser is incident on a plasma, the resulting ponderomotive force

will excite acoustic waves. When the wave number of the excited acoustic fluctuation is twice

the wave number of the interaction beam (k = 2k,), a process called stimulated Brillouin

37
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scattering (SBS) will amplify the acoustic wave (see Chapt. 3). Using Eq. 4.5 it is evident
that if the angle between the Thomson-scattering probe laser and the Thomson-scattering
collection optics is § = 84° (assuming ;s = 351 nm for the Thomson probe laser and A\, =
527 nm for the interaction beam), then one can observe Thomson-scattered light scattered
from the SBS excited acoustic waves (k=2k,). The intensity of the Thomson-scattered light
is proportional to the square of the amplitude of the ion-acoustic wave (i—l‘) that is being
probed, therefore, Thomson scattering is a unique tool to investigate this process. In the
presence of an interaction beam only the ion-acoustic wave co-propagating in the direction
of the interaction beam will be excited; therefore, only the red shifted Thomson-scattered
light will be amplified. Figure 4.6 shows a representative scattering spectra in which ion-
acoustic waves have been excited above the thermal level by the interaction beam. The
square of the amplitude of the ion-acoustic wave is proportional to the scattered intensity,

therefore, we define the normalized ion wave amplitude as,

d_n . Ie:vcz'ted (413)

Ne Ithermal
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Figure 4.6: A Thomson scattering spectrum is shown for a shot in which the red-shifted peak
has been excited by SBS. The blue-shifted peaks are fit with the standard multi-ion-species
form factor allowing the measure to the ion temperature, T; = 475 eV.
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Chapter 5

Experimental Setup

Experiments were carried out in two series of tests at the Trident Laser Facility.
The first was a three week campaign that began in March of 2001. The second was a four
week campaign that began in April of 2002. A total of 160 shots were used in these exper-
iments. In the first campaign, we employed two main diagnostics: the stimulated Brillouin
excited ion-acoustic wave was measured using one Thomson scattering configuration, and a
diode was used to measure the total backscattered energy. The second campaign added to
these measurements; a second Thomson scattering diagnostic was used to measure thermal
ion-acoustic waves in the same volume of plasma as the first, while two spectrometers were
used to observe the spectra of the stimulated Raman and stimulated Brillouin backscattered

light.
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5.1 Trident Laser Facility

The Trident Laser Facility is located at the Los Alamos National Laboratory and
is used as a multipurpose laboratory for developing instrumentation and conducting exper-
iments requiring short (nanosecond) low energy (sub-kilojoule) laser-light pulses [24]. The
Trident facility includes a Nd:glass laser driver that is split into three laser beams. The
laser facility was upgraded to its current configuration in 1992 when LANL acquired the
Chroma laser [25].

The Trident Facility employs a Nd:YLF master oscillator and a chain of Nd:phosphate
glass rod and disk amplifiers that produce pulse lengths from 100 ps to 2 ns. The laser can
generate 60 J in 100 ps and 250 J in 2 ns in each of two frequency-doubled (A = 527 nm
frequency doubled from A = 1054 nm) main drive beams, and it can generate 1 J in 200 ps

of frequency tripled (A = 351 nm) light in a third beam line.

5.2 Overview of experimental configuration

The experiments used a configuration in which three laser beams converge at a
target within a vacuum chamber in the target room at the Trident Laser Facility. The
plasma was produced by a “heater beam” of 2w (A = 527 nm) laser light focused to an
intensity of 10" W em™2. A separate high energy 2w “interaction beam”, with a 1.2 ns-long
square pulse, was aligned parallel to the target and focused to a maximum laser intensity
of 7 x 10 W c¢m~2 [26]. The interaction beam was used to drive stimulated Brillouin
scattering which excites ion-acoustic waves in the plasma. The wave number of the excited

ion wave was matched using a third 3w (A = 351 nm) 200 ps long Thomson-scattering
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Figure 5.1: Schematic of the experimental setup.

Beam | Wavelength | Energy | Pulse Length | Spot Size | Max. Intensity
(nm) () (ns) (pm) (W - cm~)
Interaction Beam A 927 0 - 230 1.2 60 7x101°
Heater Beam B 527 180 1.2 1000 x 100 2x10™
Probe Beam C 351 1 0.200 60 2x101

Table 5.1: Laser Beam Parameters

“probe beam”. Table 5.1 lists the laser beam parameters used in the experiments.

5.2.1 Beam transport

The heater beam (Beam B) enters through beam tubes in the north-west corner

of the target room [Fig. 5.2]. The first two mirrors are used to adjust the path length of

the heater beam and, thereby, the relative timing between the heater beam and interaction

beam while the third mirror directs the beam to the target chamber center. The heater

beam was directed normal to the target surface and focused to a plane at target chamber
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center [Fig. 5.1] by a 120 cm focal length f/6 lens and a strip line random phase plate (RPP).
This produced a line focus with a 1000 ym x 100 pum elliptical area with an intensity of 1014
W em~2 [27].

The interaction beam (Beam A) was transported via three mirrors before passing
through the backscatter wedge (4% reflection) [Fig. 5.2]. The probe beam (Beam C) entered
the room between and above Beams A and B. The probe beam is frequency tripled in
the target room [Fig. 5.3]. The lw beam is transported through the upper table down a
periscope where it pass through a KDP trippler and out towards the target chamber. The
beam is then reflected off two mirrors before entering target chamber [Fig. 5.4]. The linearly
polarized light from the probe beam was set in the plane normal to the target surface.

The interaction beam and probe beams (Beams A and C) both run parallel to the
target surface. They are focused to a volume at target chamber center a distance x from
the target surface using a 120 cm focal length f/6 and a 700 cm focal length f/10 lens
respectively (see 5.1). In both cases a best focus diameter of about 60 pum was achieved.
The spot size of the interaction beam was previously determined by Ref. [26] by imaging

the interaction beam onto an equivalent focal plane at a CCD camera as shown in Fig. 5.5.

5.2.2 Pulse shaping

The oscillator output pulse (200 ps) is temporally shaped using a pulse stacker [28].
The pulse stacker consists of 13 elements that can be selected to set the length of the pulse
and its timing relative to the probe beam. Each element allows one pass of the input pulse
and therefore adds 200 ps to the output pulse. For example, if elements 1 through 6 are

selected, then the output pulse will be 1.2 ns. Furthermore, the attenuation of each element
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Figure 5.2: Beam Transport is shown for both the interaction and heater beams, A and B

respectively.
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Figure 5.4: The east view of the target chamber is shown providing an overview of the
probe beam transport to target chamber center. The collection optics for both Thomson-

scattering diagnostics are shown.
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Figure 5.5: An image of the focal spot of beam A taken on shot 5279 with a 75 um circle
superimposed. In this image, low level, large area wings that account for about 1/3 of the
total energy are visible.

can be selected to shape the pulse.

The stacked pulses are then amplified and split into the A and B drive beams
(Fig. 5.6). These beams are further amplified to a maximum energy of 250 J in 2 ns. The
drive beams are expanded throughout the amplification stages to a final diameter of 20 cm.
The timing between the drive beam pulses at the target is determined by their relative path
lengths.

The probe beam (C beam) can be selected in one of two configurations: with the
same pulse shape as the drive beams, or the Gaussian pulse shape from the oscillator. In
the former, the relative probe beam timing is determined by its path length to the target.
In the latter configuration, the 200 ps Gaussian pulse is split to the probe beam amplifiers
before entering the pulse stacker. In this case the system is more flexible and timing can be
changed without realignment to the target chamber center. The timing between the drive
beams and the probe beam is simply adjusted by: a trombone delay system just after the

oscillator, and/or the elements selected in the pulse stacker (Fig. 5.6).
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Figure 5.6: (color). Trident’s driver laser uses a conventional master oscillator power am-
plifier architecture. Drive (A & B beams) and probe (C beam) pulses can be amplified
sequentially through the front end before being routed to separate disk amplifier chains. If
a short pulse is desired for beam C, the 200 ps pulse from the oscillator can be picked off
before the pulse stacker.

For example, if the drive beams are 1.2 ns long (6 elements would need to be used
for shaping), the probe beam timing relative to the drive beams can be varied by adding
non-alternating elements. So if elements 1 through 6 are used, then selecting elements 4
through 9 for the drive beams would change the timing by 800 ps. Therefore, the timing
can easily be adjusted in 200 ps steps over a 1.2 ns range by selecting the elements used to

transmit the drive beams. Our experiments use the Gaussian configuration.

5.2.3 Beam timing

The interaction beam and heater beam arrive at the target room at approximately
the same time. The path length the interaction beam travels in the target room is slightly
longer than the heater beam. The time delay was measured using a fast Hamamatsu photo
diode placed at target chamber center. One 200 ps element was selected from the pulse

train; Figure 5.7 a shows the two pulses arriving at TCC 1.0 ns apart. The first pulse is
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Figure 5.7: (a) One element was selected; the relative timing between beams A and B are
measured at TCC. (b) Elements Al, A13 and beam C were selected; the relative timing
between elements A1l and A13 was measured to be 2.34 ns; this indicates that there is 180
ps between elements. The timing between element A1l and C was 1.17. The heater beam
path (beam B) was blocked. These results are from campaign 2.

A |B| C
Campaign 1 | 830 | 0 | 1400
Campaign 2 | 1000 | 0 | 1410

Table 5.2: The relative beam timings are shown for two Trident campaigns. In campaign
1, elements 6-13 where used. In Campaign 2, elements 5-11 where selected. All numbers
are in picoseconds.

from the heater beam, while the second is from the interaction beam.
The time delay measured at the target chamber center between the first element
of beam A and beam C is shown in Figure 5.7b to be 1.17 ns. The beam timings for our

two campaigns are shown in Table 5.2.
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Spectrometer Length Order Grating Slit Width Dispersion Instrument Function
(meters) (grooves / mm) (microns) A / pxl A
dtsl 1.0 1 3600 200 0.055 0.47
dts2 0.5 2 1200 200 0.10 0.25
tts 1.5 1 2400 200 0.05 0.02
sbs 1.0 1 1200 200 0.05 0.45
srs 0.25 1 150 300 5.3

Table 5.3: The spectrometer characteristics are tabulated above.
5.3 Instrumentation

5.3.1 Spectrometer characterization

Five separate spectrometers were used. Hamamatsu streak cameras were coupled
to the output of the spectrometers by placing the input slit of the streak camera at the
image plane of the spectrometer. The instrument calibration was determined using a Ne
lamp placed at the slit of the spectrometer [Fig. 5.8]. The results of these measurements

are compiled in Table 5.3.

5.4 Full aperture backscatter station configuration

5.4.1 Backscatter beam transport

The Full Aperture Backscatter Station (FABS) collects the interaction beam light
backscattered by the plasma. This backscattered light was collimated by the interaction
beam focusing lens as it propagated back up the laser chain [Fig. 5.9]. Four percent of the
backscattered light was diverted by the backscatter wedge. The reflection from the front

surface of the wedge was then focused by the FABS f/6 (120 cm focal length) lens on to
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a large area diode. Prior to the diode there was a bare wedge. The reflections from the
front and rear surfaces of the wedge were focused onto fibers that were coupled to respective

1-meter and 1/4-meter spectrometers.

5.4.2 Backscatter energy measurement

The backscattered energy was measured using a fast (200 ps rise time) Hamamatsu
large area photodiode. The backscattered light was focused through a band pass filter
(527 + 10nm) to eliminate stray light. To calibrate the backscattered energy, 4% of the
interaction beam was split by the back surface of the backscatter wedge [Fig. 5.9]. A mirror
with an anti-reflection (AR) coating on the back surface was used to reflect 4% of the split
interaction beam into the FABS focusing lens. The path length between the reference pulse
and the backscattered light was adjusted such that the calibration pulse arrived at the diode
approximately 15 ns prior to the backscattered signal [Fig. 5.10]. The data was reduced by
numerically integrating each pulse; the SBS reflectivity is the ratio of the integrated signals

adjusted for the energy loss (96%) at the AR mirror,

R = 4% (—Is“ > (5.1)

Iinteraction beam

5.4.3 Backscatter spectral measurements

The spectrum of the backscattered light was measured by coupling the light into
two 400um fiber optic cables. Ten meter fibers were placed at the focus of the FABS
focusing lens. The light was spatially smoothed by placing 3° diffusers 5 cm from the

fiber optic entrances. The diffuser expanded the spot on the fiber to approximately 2 mm
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Figure 5.10: A representative diode trace is shown for a Au shot with an interaction beam
energy of 190 J (shot 050701069). The integrated signals are roughly equal corresponding
to a 4% reflectivity.
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diameter making alignment less critical. The fiber optic cables where mounted at the slits
of a 1-meter and 1/4-meter spectrometer. The spectral resolution of the 1-meter and 1/4-
meter spectrometers was 0.05 nm and 0.5 nm respectively (See Section 5.3.1). The 1-meter
spectrometer was used to observe the backward stimulated Brillouin scattered light while

the 1/4-meter spectrometer measured the backward stimulated Raman scattered light.

5.5 Thomson-scattering instrumentation

Two lenses were used to collect Thomson scattered light from the same 70 pm x
70 pm x 60 pm volume in the plasma (Fig. 5.11a). The probe beam ran parallel to the target
surface and was focused to a 60 pm diameter spot (see Sec. 5.2.1). The angle between the
interaction beam and the probe beam was 48° (Fig. 5.11b). The two Thomson-scattering
diagnostics observed perpendicular wave-vectors. The “thermal” Thomson-scattering diag-
nostic observes acoustic waves that propagate perpendicular to the interaction beam and
parallel to the target surface (k. The “driven” Thomson-scattering diagnostic observes
acoustic waves propagating along the interaction beam axis (kH). When the interaction
beam is employed, one of these waves observed by the driven Thomson-scattering diagnos-
tic is excited by stimulated Brillouin scattering (the +k)| = 2k, vector that is co-propagating

with the interaction beam).

5.5.1 “Thermal” Thomson scattering (k)

A lens was mounted to collect light scattered by ion-acoustic fluctuations propa-

gating parallel to the target surface and perpendicular to the interaction beam. The angle
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Figure 5.11: (a) The experimental setup is shown with three beams intersecting the Thom-
son volume at the target chamber center. Light is collected by two f/5 collection lenses.
(b) A vector diagram is shown where one Thomson diagnostic observes the 2k, wave vector
propagating parallel to the interaction beam and the second Thomson diagnostic observes
a wave vector perpendicular to the first.

between the collection lens and the probe beam was 96° [Fig. 5.11] (see Sec. 4.2). The scat-
tered light was collected and collimated using a 100 mm focal length f/5 lens. The light was
focused onto a 200 pm slit of a 1.5-meter spectrometer by a 25 cm focal length f/5 achro-
matic lens. This optical system created a magnification of 3:1. The Thomson-scattering
volume was approximately 70 um x 70 ym x 60 pm and is defined by the projection of the
spectrometer and streak camera slits into the plasma and the beam waist of the focused

probe beam.

5.5.2 “Driven” Thomson scattering (k)

A second identical Thomson-scattering lens system was mounted (42° down from
the axis of the interaction beam) to collect light scattered from ion-acoustic waves with a
wave-vector (k) parallel to the axis of the interaction beam (Sec.5.5.1) and perpendicular to

the wave-vector observed by the thermal Thomson-scattering instrumentation (Fig. 5.11b).
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The angle between the probe beam and scattered light wave vectors was 84° (see Sec. 4.4).
The collected light was focused onto a 200 um slit of a 1-meter imaging spectrometer.
This system images the same volume and location in the plasma as the thermal Thomson-
scattering diagnostic allowing, for the direct comparison of the two perpendicular wave

vectors.
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Chapter 6

Plasma Characterization

In this chapter we will discuss the measured plasma conditions. Thomson scatter-
ing allows us to measure the electron temperature profiles both parallel and perpendicular
to the target surface. We are also able to measure the particle flow parallel to the target
surface. Furthermore, the density profile normal to the target is inferred from stimulated

Raman measurements.

6.1 Target configuration

The targets consisted of pure Au, pure Be, or a mixture of Be with 1%, 5% or
10% Au by atomic weight. Targets were 500 um tall x 50 pum thick. The plasma length
was determined by varying the target length between 250 pm and 1000 pm in the direction
of the long axis (1-mm) of the heater beams focal spot. The multi-ion-species targets
were fabricated by coating a substrate with alternating Au-Be layers of varying thickness.

LASNEX [29], a hydrodynamic code using an atomic physics model that has been tested in
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Refs. [30, 31], calculates that plasmas created with this target configuration homogeneously

mix within the first nanosecond of the experiment [19].

6.2 Electron density

The light scattered into the full aperture backscatter station (FABS) allows a mea-
sure of the electron density. The frequency of the light backscattered by the electron plasma
wave (high-frequency electron fluctuations) is a strong function of the electron plasma fre-

quency (wpe) and therefore the density,

o€2 3k2k, T,
EoMe Me

This backscattered high-frequency light undergoes stimulated Raman scattering

(SRS), an amplification process analogous to stimulated Brillouin scattering [32, 33, 34,
35, 36]. The spectrum of the SRS light was measured using a 1/4-meter spectrometer
(Sec. 5.3.1). Figure 6.1a shows the measured SRS spectrum for a shot where the interaction
beam was focused x=400 pm from the target surface. The spectrum peaks at 665 nm which
corresponds to a density of ne(z = 400 um)= 1.2 x 10?° cm 3. The spectra was fit using a
linear gain calculation. To match the spectral width a 10% density gradient was assumed
over 300 um. The corresponding SRS gain was Gg,s = 10. The electron density profile

normal to the target surface is shown in Fig. 6.1b.
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Figure 6.1: (a) The measured SRS spectrum is measured at x=400 microns from the target
surface. The peak frequency is 665 nm. The line out is averaged over a 50 ps region, 500
ps after the interaction beam is turned on. (b) The electron density profile is plotted as a
function of distance from the plasma surface, x. A LASNEX calculation is shown.

6.3 Average charge state (Z)

Figure 6.2 shows the thermal Thomson-scattering spectra, measured without the
interaction beam, for Be plasmas with 1%, 5%, and 10% Au at a distance of 300 pum
from the target. The two ion-acoustic modes result in four Thomson-scattering peaks (2
modes, counter and co-propagating to the interaction beam axis). The peaks with the
greatest separation correspond to a fast ion-acoustic mode. The smaller, less shifted peaks
correspond to a slow ion-acoustic mode. Four peaks can be seen, except for the 1% Au case
where the two inner peaks are not resolved by the spectrometer. Indeed the solution to
the multi-ion-species dispersion relation shows, for our conditions, the presence of a weakly
damped fast mode (the normalized Landau damping is vy /w, = 0.05 see Sec. 2.3) and

a slow mode with a larger damping (vy/w, = 0.3). The separation between the peaks
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Figure 6.2: Thomson-scattering spectra for three different Au concentrations averaged over
~ 25 ps are shown. (a) 1% Au (b) 5% Au (c¢) 10% Au. The solid line represents the best
fit theoretical multi-ion-species form factor.

corresponding to a particular mode (see Sec. 2.2.2) is roughly proportional to the phase
velocity of the mode and therefore, if the charge state of one of the species is known then
the electron temperature and charge state of the second species can be measured.

The Thomson-scattering spectra were fit using the standard multi-ion-species form
factor, Eq. 4.12. For these conditions, Be is fully ionized Zg. = 4. Therefore, the electron
temperature is determined by the outer peaks (7. (x= 300 pum) = 600 V'), while the average

charge state is determined through a fit of the inner peaks (Z 4,(x = 300 um) = 40).

6.4 Plasma electron temperature

6.4.1 7T, normal to target surface

Figure 6.3a shows Thomson-scattering data for pure Au plasmas at various dis-
tances from the target. The product of the Au charge state and electron temperature,

Z 4T, is measured along the heater beam axis by varying the distance of the Thomson-

scattering volume from the Au disk targets. Figure 6.3c is a plot of the electron temperature
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temperature is plotted as a function of the distance from the target surface at a time of 1.4
ns.

gradient measured along the x-axis using an average Au charge state of Z 4, = 43 which
was measured using multi-ion-species plasmas at x = 300 ym (Section 6.3). The scattering
spectra for the closest measurement to the target (x = 200 pm) shows three distinct peaks;
if one assumes that the middle peak is stray light scattered directly from the target surface,
then T, = 1500eV. If on contrary we interpret either one of the outer peaks as spurious,

the inferred electron temperature will be 400 eV.

6.4.2 T, parallel to the interaction beam axis

The data for Be plasmas shown in Figure 6.4 indicates a constant 450 eV electron

temperature parallel to the interaction beam axis at a distance of 400 um from the target
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Figure 6.4: The electron temperature profile parallel to the interaction beam axis is shown
to be constant. A best fit line is plotted.

surface. This temperature profile was measured using the thermal Thomson-scattering

diagnostic (See Sec. 5.5.1), which observes wave numbers perpendicular to the interaction

beam (k).

6.5 Plasma ion temperature

The two-ion-species plasmas have further allowed us to measure the ion tempera-
ture in a unique way; the relative amplitude of the peaks in the Thomson-scattering spectra
belonging to the slow and fast ion-acoustic waves provide an accurate measure of the ion

temperature, T;(x= 300 um) = 250 eV. As a result of the sensitivity of Landau damping
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to ion temperature, the damping of the fast mode increases while the damping of the slow
mode decreases when the ion temperature is increased (see Sec. 2.5). This is illustrated by
a respective increase or decrease in the amplitude of the peaks in the Thomson-scattering

spectra (see Sec. 4.3) and allows us to use the ion temperature as a sensitive fit parameter.

6.6 Plasma flow parallel to target surface

When observing low frequency collective effects with Thomson scattering, the
frequency of the scattered light is shifted from the laser frequency in two ways: by the
frequency of the ion-acoustic wave in the frame of the plasma (w, = ¢sk,) and by the relative
ion flow in the laboratory frame (vs). See Chapter 4. In our case, we are able to measure
the velocity flow along the interaction beam axis by measuring the light that has been blue-
shifted by acoustic waves counter-propagating in the direction of the interaction beam.
Because we employ two Thomson-scattering diagnostics that observe the same volume in
the plasma, we are able to measure the local sound speed (cs) with the Thermal Thomson-
Scattering Diagnostic (k) and the velocity flow (v¢) with the Driven Thomson-Scattering
Diagnostic (kj|).

Figure 6.5 plots the peak wavelength of the light scattered from thermal ion-
acoustic waves (-k| ). The fact that we have independently measured the local sound speed
(Fig. 4.2) enables us to know the frequency shift of the scattered light due to the ion-acoustic
waves in the frame of the plasma (Eq. 4.3). This frequency shift corresponds to A\, = 2.5
A; therefore, we fit a 200 pm velocity plateau in the middle of the plasma (Fig. 6.5). The

additional shift in wavelength as one moves away from the plateau (A f0y) is a result of
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Figure 6.5: Light scattered from ion-acoustic waves counter-propagating to the interaction
beam axis allow the measure of a velocity gradient along the interaction beam axis. The
blue-shifted light is collected by the Driven Thomson Scattering Diagnostic. A Mach 1 flow
is measured at the edge of the plasma.

the relative ion flow in the laboratory frame (Eq.6.4).
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Chapter 7

The effects of velocity gradients on

SBS

Stimulated Brillouin scattering (SBS) is a result of the resonant ponderomotive
coupling of an incident light wave, a reflected light wave, and an ion-acoustic wave. This
resonance can drive ion-acoustic waves to large amplitudes. In principle, this process could
result in the reflection of a large fraction of the incident energy for inertial confinement
fusion (ICF) targets. In order to minimize this energy loss, a good understanding of mech-
anisms that could limit SBS is important. In many targets, the velocity gradient within the
expanding plasma provides such a mechanism; the frequency of the local acoustic waves is
Doppler shifted, therefore, detuning the three-wave resonant process [37].

In this chapter, we present the first direct measurement of SBS detuning by a
velocity gradient. A novel use of two Thomson-scattering diagnostics has allowed us to

directly measure the frequency and amplitude of the ion-acoustic wave responsible for SBS
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as a function of space. This is the first measurement that spatially resolves both the
frequency and the amplitude of the ion-acoustic waves directly responsible for SBS. These
measurements link the saturation of the SBS instability to the frequency detuning from an
expanding plasma. We have independently measured the ion-acoustic frequency and the
frequency of the driven acoustic wave at various positions in the plasma. Therefore, by
comparing the local ion-acoustic frequency, with the local frequency of the driven acoustic
wave we have measured the actual detuning of the SBS instability. The measured electron
temperature, velocity gradient, and electron density have been included in fluid simulations

which clearly support the measured SBS detuning by a velocity gradient.

7.1 Experimental setup

The experiments used a three-beam configuration at the Trident Laser Facility (see
Chapt. II). The Be plasmas were produced by a heater beam with 180 J of 2w (A = 527 nm)
laser light in a 1.2-ns-long square pulse. The heater beam was focused normal to the target
surface using an f/6 lens and a strip line random phase plate (Fig. 7.1c). This produced a
line focus with an intensity of 10" W em~2 and an initial 1000 gm x 100 gm Be plasma [27].
An interaction beam (50 J, 2w, 1.2-ns-long square pulse) was aligned x= 400 pm from the
target surface and was focused to a 60 pm diameter spot, resulting in an intensity of
1.5 x 10> W em™2 (see Sec. 5.2.1). The interaction beam was used to drive SBS which
excites ion-acoustic waves with wave-vector k|| =2k, co-propagating in the direction of the
interaction beam. The backscattered SBS light was collected and collimated by the focusing

lens of the interaction beam. A fraction of the backscattered light was focused on to a fast
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Figure 7.1: (a) A diagram detailing the ion-acoustic wave-vectors probed is shown in the top
left corner. (b) A thermal Thomson-scattering spectrum (k) and (d) a driven Thomson-
scattering spectrum (kj|) are shown. (c) The experimental setup is shown.

photodiode and two, 1/4-meter SRS and 1-meter SBS, spectrometers. The SRS and SBS
spectra were measured with a respective resolution of 0.5 nm and 0.45 A. The absolute SBS
energy was measured with the diode (see Sec. 5.4) [38].

The third laser beam, 3w (A = 351 nm), was used as a Thomson probe beam. The
probe beam and Thomson-scattering collection optics define a volume (70 pmx70 pmx60 gm)
located at the center of the chamber (see Sec. 5.5). Light scattered from the Thomson-
scattering volume was imaged onto two separate Thomson-scattering spectrometers. The
interaction beam is focused in the middle of this volume. The first Thomson-scattering

diagnostic probes ion-acoustic fluctuations (Fig. 7.1b) propagating perpendicular to the in-
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teraction beam (k = k) and allows us to independently measure the electron temperature
T.. The geometry (Fig. 7.1a) of the second Thomson-scattering diagnostic was chosen to
measure light scattered from SBS-driven ion-acoustic waves (Fig. 7.1d) that are excited by
the SBS instability (k = kj|) [39].

The interaction beam was timed to turn on 1.0 ns after the heater beam. The
180 ps Gaussian Thomson probe beam was turned on 400 ps after the interaction beam

near the peak of the backscattered SBS light (see Sec. 5.2.3).

7.2 Plasma characterization

The plasma has been well-characterized (see Sec. 6); Fig. 7.2a shows a constant
electron temperature profile (T, = 450 eV) along the interaction beam axis. The location
of the Thomson-scattering volume and the focus of the interaction beam remained at TCC
throughout the experiment; the target (and the heater beam) was moved to probe different
positions in the plasma parallel to, and 400 pum from, the surface of the target.

Figure 7.2b shows a Thomson-scattering spectrum taken from the streak data in
Fig. 7.1b. Two peaks corresponding to ion-acoustic fluctuations propagating along the
direction of k| are evident. Fitting the data using a standard theoretical form factor [23]
gives the electron temperature (see Chapt. 4). The measured peaks are broadened by
velocity gradients perpendicular to the interaction beam. This broadening is to be expected
as the initial plasma length is only y= 100 pum in the perpendicular direction; this Thomson-
scattering diagnostic probes the plasma expanding in the perpendicular direction. The

measured width of the peaks (d)) gives an estimated velocity range %” (oc %)‘) = 0.5 within
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Figure 7.2: (a) A constant electron temperature, T, = 450 eV, is measured along the inter-
action beam axis. (b) Representative Thomson-scattering spectra taken from the spectra in
Fig. 7.1b where light is scattered from ion-acoustic fluctuations propagating perpendicular
to the interaction beam (k). (c¢) Thomson-scattering data are shown collected by the diag-
nostic observing ion-acoustic waves propagating parallel to the interaction beam (kH)' The
spectra (points) is shown below averaged over 50 ps. The theoretical form factor (solid line)
is fit to the blue-shifted light using a velocity flow ﬁ = 0.7 and the electron temperature
measured with the first Thomson-scattering diagnostic (7, = 450 eV). The shaded region
was optically filtered by x100.
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the Thomson-scattering volume.

The blue-shifted intensity peak in the spectra mesured by the second Thomson-
scattering diagnostic is a direct measure of the local resonant frequency of the ion-acoustic
waves in the laboratory frame (—kj|). The frequency of the scattered light in the laboratory
frame is shifted from the laser frequency in two ways: by the frequency of the probed
ion-acoustic wave (function of the electron temperature), and by the overall flow of the
plasma relative to the frame of the laboratory (Doppler shift along k) ). Since the electron
temperature is known, the plasma flow parallel to the z-axis is determined from the local
frequency shift between the frequency of the Thomson-scattering probe (A3, = 351.3 nm)
and the blue-shifted intensity peak.

Figure 7.2c shows a Thomson-scattering spectra in which two intensity peaks can
be observed. The blue-shifted intensity peak is fit using the independently measured electron
temperature, and a flow of é = 0.7 is measured. Note that the use of two Thomson-
scattering diagnostics is necessary as the SBS-driven acoustic wave is not assumed to be at
the local resonant ion-acoustic frequency. This is evident in Fig. 7.2c, where the red-shifted
intensity peak and the corresponding resonant intensity peak are offset by 1.1 A.

Figure 7.3d shows the plasma flow along the z-axis (see Sec. 6.6) measured from
the frequency of the local resonant ion-acoustic fluctuations (_kH)’ A 200 pm velocity
plateau is measured in the center of the plasma; a Mach 1 flow was measured in the front
edge of the plasma. One can directly observe the effect of the velocity gradient on SBS from
the frequency mismatch between the measured frequency of the SBS driven acoustic wave,

and the measured frequency of the local resonant waves.
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Figure 7.3: (color). Intensity spectra at z= (a) —375 pm, (b) —250 pm, and (c¢) —125 pm
show a velocity gradient. Furthermore, the frequency of the SBS driven ion-acoustic wave
is unchanged. The shaded area has been filtered by a factor of 10. (d) The wavelength shift
for red-shifted (solid squares) and the blue-shifted (open circles) intensity peaks are plotted.
The blue-shifted intensity peaks reveal a Mach 1 flow parallel to the interaction beam (right
axis). A pF3d simulation is shown where large acoustic waves (color scale = dn/n.) are
driven in the plateau region.
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7.3 Detuning by a velocity gradient

Figure 7.3 shows spectra for representative data shots at three positions in the
plasma; the frequency of the driven ion-acoustic wave remains unchanged (A = 3515 A)
while the frequency of the local resonant ion-acoustic waves (—kj) increase as one moves
from the plateau to the front of the plasma (this increase is a direct effect of the plasma flow
as the electron temperature is constant). SBS light is scattered from the velocity plateau
where large resonant acoustic waves are driven. The light scattered from the plateau and
the incident light create a constant ponderomotive force with a constant frequency profile in
the front of the plasma. This constant frequency ponderomotive force drives non-resonant
acoustic waves (i.e., the velocity gradient shifts the resonant frequency from the constant
frequency of the ponderomotive force).

The experiment was simulated in 2-D using pF3d [40]. A f/6 RPP beam with

a best focus of 60 ym and an average vacuum intensity of 10> W cm™2

was propagated
through a 1000 ym slab of plasma (T, = 450 eV, n, = 1 x 10** cm~3). A Mach 2 transverse
flow (lateral expansion of the target) and the measured velocity profile along the propagation
axis shown in Fig. 7.3d were included.

Figure 7.4a shows a plot of the interaction beam 70 ps into the simulation. In-
tensity of the most intense speckles is around 4 x 10 W e¢m™2. A linear non-local heat
transport model was used, but had only a small effect on the results. The maximum lo-
cal temperature fluctuation observed was % ~ 30% in the most intense speckles. The

transverse flow suppressed most of the filamentation and the simulations show little beam

bending (Fig. 7.4a).
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Figure 7.4: (color). (a) The intensity of the interaction beam is plotted 70 ps into the
pF3d simulation. (b) The ion-acoustic waves are large in the front of the plasma. (c) The
measured amplitude of the excited ion-acoustic wave (squares) is plotted as a function of
the position along the interaction beam. The amplitude profile given by pF3d is also plotted
(solid).
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Figure 7.4b and the solid line in Fig. 7.4c show that large ion-acoustic waves are
driven by SBS only in the front half of the plasma [41]. The velocity gradient in the back
of the plasma prevents any significant SBS growth. The plateau in the middle provides
a resonant region where SBS drives a large acoustic wave. The amplitude of the driven
acoustic wave saturates near the front of the velocity plateau. In the front of the plasma,
the strong velocity gradient prevents SBS growth at the local resonant frequency but the
reflected light coming from the plateau and the incoming light provide a constant frequency
ponderomotive force that drives non-resonant acoustic waves. The off-resonant acoustic
waves are clearly observed in Fig 7.3d. As one moves away from the plateau and towards
the front of the plasma, the acoustic wave amplitude slightly decreases as the ponderomotive
driver is increasingly off resonance (Fig. 7.4c).

The effect of detuning SBS by a velocity gradient is further verified by post pro-
cessing the simulation providing a measure of the local frequency of the driven ion-acoustic
waves. This agrees well with the experimentally measured frequencies, as shown in Fig. 7.3d;
off-resonant driven ion-acoustic waves are evident in the front part of the plasma.

While the amplitude of driven acoustic waves (2—2) is readily obtained from simu-
lations, it has to be calculated from the intensity peaks in the Thomson-scattering spectra.
This is done by comparing the scattered reflectivity from thermal fluctuations (i.e. the
power scattered in to the left intensity peak in Fig. 7.2c divided by the incident laser
power), which is given by:

1
Rthermal = Z TgneLAQemp

where r( is the classical electron radius, L is the length along the direction of the 3w probe
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beam, and A, is the solid angle of the collecting optics (an /5 lens), with the reflectivity

scattered by the driven acoustic wave given by:
1
Rariven = Zr%ng)\ngLc(én/ne)Z

where 0n/n is the amplitude of the acoustic wave and L. its correlation length along the
direction of the 3w probe beam. L. can be estimated by the transverse size of speckles
generated by the interaction beam fo, Ao, .

Figure 7.4c shows that this estimation of 0n/n. reproduces the overall spatial shape
predicted by pF3d, but the absolute amplitude is smaller by almost an order of magnitude.
Various factors can explain this discrepancy. For instance, any misalignment of the optics,
an overestimation of L., or enhanced thermal fluctuations would lead to an underestimation
of the acoustic wave amplitude. Assuming the latter, we have verified that increasing the
amplitude of the thermal noise source used both in the Thomson-scattering calculations
and in the SBS simulations by an order of magnitude gives a good agreement between the
measured and simulated wave amplitude and spatial profiles. A study of the amplitude of
the thermal noise in laser plasmas needs to be completed to investigate the discrepancies in
the calculated wave amplitudes seen in this and other studies [19].

A peak SBS reflectivity of 6% was measured. The SBS spectrum (Fig. 7.5) confirms
our analysis of the effect of the velocity gradient on SBS. The frequency of the peak inten-
sity is consistent with the frequency of the large off-resonant waves observed by Thomson
scattering in the front part of the plasma, and corresponds to the resonant acoustic fre-
quency in the velocity plateau. The spectrum has a tail towards the fundamental frequency

that corresponds to light scattered from the flow propagating towards the detector. There
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Figure 7.5: Ths SBS spectra is plotted as a function of intensity. The peak intensity

corresponds to light scattered from the velocity plateau; a tail towards the fundamental
frequency corresponds to light scattered from ion-acoustic waves in the front of the plasma.

is a sharp cutoff towards higher wavelengths indicating that there is no scattering coming
from the back of the plasma where the velocity flow is propagating away from the detector.
This is consistent with the fact that we measure very small ion-acoustic waves in the back
portion of the plasma (Fig. 7.4c). Overall, the SBS spectrum is characteristic of the central

plateau, while the expanding plasma only slightly modifies its shape.

7.4 Chapter summary

In summary, we have presented the first direct measurement of SBS detuning
by a velocity gradient. We studied an expanding plasma with a central velocity plateau.

The frequency mismatch between the frequency of the SBS driven ion-acoustic wave and
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the local resonant frequency (as measured from thermal waves) was mapped throughout
the plasma. It was found that acoustic waves in the flow are driven off resonance by the
ponderomotive force with a beat frequency created by the incoming light and the light
reflected from the plateau. This detuning inhibits further SBS growth in the flow. These
findings are important to many laser-plasma experiments and occurs in various ICF direct
drive [42] and indirect drive targets [19]. We have shown that the SBS spectrum gives
insight into the locations of SBS growth, and Thomson scattering on driven ion-acoustic

waves provides a direct verification of modeling the effect of a velocity gradient on SBS.
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Chapter 8

Observation of ion heating by
stimulated-Brillouin-scattered-
driven ion-acoustic

waves

In this chapter, we present observations of the growth of ion-acoustic waves in
a well-characterized multi-ion-species plasma consisting of Au and Be. Using Thomson
scattering, we directly measured the growth of the ion-acoustic waves responsible for the
SBS light (see Sec. 4.4). The Thomson-scattering spectra show simultaneously the scattering
from thermal ion-acoustic fluctuations and ion-acoustic waves that have been excited to
large amplitude by SBS using a 2w interaction beam.

For this experiment the addition of small amounts of Au to Be plasmas results in
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a solution to the kinetic dispersion relation with two modes (see Sec. 2.2.2). The mode with
the larger phase velocity is weakly damped while the other mode is heavily damped. In
this chapter we call the “fast mode” the solution to the kinetic dispersion relation with the
larger phase velocity while the “slow mode” is the solution with the smaller phase velocity.

We observe that when exciting SBS, only the fast mode grows to large amplitude.
In addition, we use a new technique that measures the relative damping of the two modes
to determine the ion temperature with high accuracy (see Sec. 4.3). We measure up to a
factor of two increase in the ion temperature when ion-acoustic waves are excited by SBS.
This measurement of an increase in ion temperature, and its correlation with SBS, is direct
quantitative evidence of hot ions created by trapping in laser plasmas. Motivated by this
observed increase in ion temperature and our SBS reflectivity measurements, we developed
a model that includes trapping effects (Sec. 3.4), providing a saturation mechanism that

gives SBS reflectivity values consistent with the experiment.

8.1 Thomson scattering on SBS driven ion-acoustic waves

Figure 8.1a shows the Thomson-scattering data in which ion-acoustic waves are
being driven by the ponderomotive force due to the interaction beam. Figure 8.1b shows
line outs of these data revealing that once the interaction beam is turned on, only the
ion-acoustic waves excited by SBS are driven to large amplitudes. The undriven part of
the spectra are fit using the standard theoretical form factor (Eq. 4.12); when ion-acoustic
waves are excited, the driven part of the spectra is fit with a Gaussian. This fit is used

to calculate the relative amplitude of the driven acoustic wave. The ion-acoustic wave



83

Time

= &
5 08 2 5
£ 52 - - g
s ] > s
L 1 h 2> ~

2 - | ] 2
% 0.6 2 | | £
5 RE 5
- C Q
s o 2
o 041 3 £
a | N1 13
3 E 3
- [v]

£ w2 - £
o L X Z = — lc-’
z z

0] | o ‘
3509 3513 3517 3509 3513 3517 3509 3513 3517
Wavelength (A) Wavelength (A) Wavelength (A)

Figure 8.1: (a) Streaked Thomson spectra for a Be plasma with a 10% Au mixture are
shown for a shot without the interaction beam (undriven) and shots with interaction beam
intensities of 5 x 10> W ¢cm™2 and 7 x 10'® W ecm~2 (driven). (b) Line outs show the
increasing amplitude of the red-shifted light. The blue-shifted peaks are fit with the stan-
dard multi-ion-species form factor showing an increase in ion temperature from 250 eV to
475 eV. The data was collected using the driven Thomson scattering diagnostic described
in Sec. 5.5 and the dts2 spectrometer (see Table 5.3).

amplitude is defined to be the square root of the ratio between the area under the red-shifted
Thomson-scattering spectra, and the area under the blue-shifted spectra; the ion-acoustic
wave amplitude is proportional to dn/ne.

Our SBS linear gain calculations (see Sec. 3.3), reproduce the findings of Fig. 8.1
with almost no amplification of the slow mode (GZ%% ~ 5) and a large amplification for the

fast mode (Gé‘?g ~ 200). This difference in the amplification can be explained; when these

modes are being driven in steady state, the rate of energy lost through Landau damping
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(v, W4) must be balanced with the energy transferred to the electrons by the ponderomotive

coupling. The energy of the SBS driven acoustic wave is given by:

o |Ea|2 O(we)
Wa = 167 Ow

(8.1)

For a given electrostatic field F, (i.e. a given electronic density perturbation), the rate of

energy lost through Landau damping for the individual modes can be compared,

(VslowW;low) ~ Vslow (1 + Re(xségw)> — 30 (8 2)

<VfastW({aSt) Viast Re(Xe)
where Vo (fast) 18 the normalized Landau damping for the slow(fast) mode. Hence, in
addition to having a larger Landau damping, the slow mode, in comparison to the fast

mode, needs more laser energy to be sustained at a given amplitude.

8.2 Evidence of kinetic effects

Figure 8.2 compares two measured spectra, one without the interaction beam and
the other with an interaction beam intensity of I= 5 x 10> W cm™2. The variation in the
amplitude of the thermal peaks is a direct indication of a change in ion temperature. Fig-
ure 8.3 shows the ion temperature increase as a function of the SBS excited ion-acoustic wave
amplitude. When the energy in the interaction beam is increased, the ion-wave amplitude
increases and the ion temperature rises; we found no change in the electron temperature.
The ion temperature was normalized to the electron temperature in Fig. 8.3 to remove vari-
ations in the plasma parameters due to the heater beam. The electron temperature varied
by less than 10% for a given heater beam energy and was independent of the interaction

beam intensity. This direct observation of an increase in ion temperature indicates that en-



85

0.8

0.6

0.4

0.2

Normalized Intensity (arb. units)

I, S A R

0
3508 3510 3511 3

Wavelength (A)

()]
ey
w

Figure 8.2: The blue-shifted (thermal) part of the Thomson-scattering spectra for a 10%
Au mixture shows a shot without the interaction beam (triangles) and a shot with an
interaction beam intensity of 6 x 10> W ecm~2 (squares) resulting in an increase in ion
temperature from 250 to 475 eV.

ergy is directly transferred from the SBS driven ion-acoustic waves into the ions. Trapping
of Be ions is a plausible mechanism for such an energy transfer.

The SBS instability excites an ion-acoustic wave propagating in the same direction
as the interaction beam; when this wave is driven to large amplitude it traps Be ions,
accelerating them in its direction of propagation. After thermalization by collisions, the
average ion temperature increases. We measure this increase in ion temperature from the
light scattered off thermal ion-acoustic waves counter-propagating to the original hot ions.

Figure 8.4 shows the measured SBS reflectivity for the various mixtures of Au
and Be. We observe the SBS reflectivity to be a few percent, while linear theory (Sec. 3.3)
predicts a reflectivity of nearly 100%. It is therefore clear that while our linear theory allows

one to predict which ion-acoustic waves will be driven to large amplitudes by SBS [Fig. 8.1],
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Figure 8.3: The ratio of T;/T, as a function of the normalized ion-wave amplitude shows
evidance of the generation of hot ions and ion trapping. The ion-wave amplitude is normal-
ized to the thermal ion-wave amplitude. Data for Be plasmas with 5% Au (circles) and 10%
Au (squares) show a factor of two increase in ion temperature. The gray area represents
calculated results from a simple energy balance between energy deposition due to SBS, and
a free-streaming heat flux.
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Figure 8.4: The SBS reflectivity has been measured to decrease for Be plasmas with increas-

ing Au concentration (diamonds). This trend is reproduced by our non-linear SBS theory
(shaded area). Linear calculations are also shown (black line).

the SBS reflectivity data (Fig. 8.4) indicates a need for a non-linear model that includes
saturation of ion-acoustic waves. It should be noted that even after the ion temperature
has increased, the fast mode is still weakly damped (see Fig. 2.2) and linear reflectivity
predictions are close to 100%, so in these experiments, saturation of the SBS can not be
explained by an increase in Landau damping due to global heating of the ions [43].

We have applied the model developed in Sec. 3.4 where a non-linear frequency
shift due to trapping detunes the resonant coupling between the interaction beam and the
ion wave, therefore, saturating the instability. As the ion-acoustic waves are excited to large
amplitude, ions are accelerated in the wave’s potential wells, therefore, slowing the wave’s
phase velocity and detuning the SBS resonance so that energy is no longer coupled into

these ion-acoustic waves by the incident laser.
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The SBS reflectivity for different fractions of Au is shown in Fig. 8.4 and is in rough
agreement with the experimental values. Parameters used in the model were selected to
match the experiment (L=800 um, T;/T, = 1/2, 1, = 3 x 10* W-cm~2, n, = 10%° cm~3).
This model is dependent on the electron density and the interaction beam intensity; there-
fore, the shaded area in Fig. 8.4 result from uncertainties in these experimental parameters.

We further test this model by estimating the ion temperature in the Thomson-
scattering volume. We balance the energy flux deposited into the acoustic waves (from the

Manley-Rowe relations) with a free streaming heat flux [44]:
Ws
w_O(RSBSIO)(Z =L/2) =npTi(z = L/2)vg.(z = L/2). (8.3)

This model assumes that the energy deposition is local, i.e., the mean-free path of the hot
ions accelerated by trapping (a few tens of pm) is much smaller than the length of the plasma
(L ~ 1 mm), and thermalization is fast enough so heat is carried away by Maxwellian ions
when a steady-state is reached. Theoretical and experimental ion-wave amplitudes were
related by matching a high reflectivity point; the model then reproduces the experimental
scaling for ion temperature. This agreement shows that our modeling of SBS gives a correct
estimation of the acoustic wave amplitude in the Thomson-scattering volume, but does not
prove that trapping actually occurs; but trapping is the most plausible means for energy
transfer form the waves to the ions with these plasma conditions. The fact that the electron
temperature does not increase rules out inverse bremsstrahlung and other energy transfer
through electrons.

Validation of the main assumptions of this modeling (a steady-state is reached and

the non-linear frequency shift is the main effect that detunes and saturates the instability)
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Figure 8.5: (a) The results of a PIC sumulation of SBS show a phase diagram where trapping
can clearly be seen to repeat at the spatial frequency of the driven ion-acoustic wave. (b)
The Be distribution function evolves from an intial Maxwellian (dashed line). After 60 ps
(solid line), a plateau at the phase velocity and a tail of hot ions is seen.

through comparisons of PIC and fluid simulations is beyond the scope of this thesis, but
such a behavior has been emphasized in various publications [4, 45, 3, 46] and preliminary
PIC simulations of SBS, with the experimental parameters, using the hybrid code Bzohar [7]
show trapping of the Be ions by the SBS acoustic wave. Figure 8.5 shows the distribution
of particles in phase space where trapped particles follow closed orbits and concurrently the

distribution function exhibits a hot tail with ions moving up to twice the phase velocity.

8.3 Summary

In summary, we have presented measurements of the growth of ion-acoustic waves
in well-characterized multi-ion-species plasmas. Our measurements of the stimulated Bril-

louin scattering (SBS) reflectivity indicate the need for a saturation mechanism. Using
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Thomson scattering and adding a small fraction of Au ions to a Be plasma enabled an
accurate measurement of T;; while T; was found to increase with SBS reflectivity and with
the amplitude of the (local) acoustic waves, T, was found to be constant. This is consistent
with our model where the increase in T; is due to trapping of ions by the SBS ion-acoustic
waves, while the electron-ion collision rate and the electronic part of the Landau damping

is very small, so that T, and T; are de-coupled.
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Chapter 9

Summary

9.1 Introduction

An understanding of the propagation of laser light into an underdense plasma is
critical in the development of indirect-drive inertial confinement fusion. Understanding ion-
wave growth and the saturation mechanisms in these plasmas is necessary to improve the
energy coupling into the fusion capsule. Currently models are being developed to predict
stimulated Brillouin scattering (SBS) laser losses in high temperature, large scale length
plasmas that will be achieved in inertial confinement fusion at future facilities such as the
National Ignition Facility [40, 47]. We will present measurements that have verified both
hydrodynamic (velocity gradients) and kinetic (trapping) effects on SBS.

The SBS instability results from the resonant coupling of an intense laser pulse,
a scattered light wave, and an ion-acoustic wave. SBS excites an ion-acoustic wave from
thermal fluctuations to large amplitude where it has been shown to saturate [3, 5, 4, §].

Previous models have suggested non-linear saturation mechanisms such as two-ion-decay,
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trapping, and wave breaking [48, 44, 49, 50]. Theory has long predicted that velocity
gradients will create a mismatch in the parametric SBS instability therefore, reducing the
growth of ion-acoustic waves [37]. Detuning of SBS can be a powerful mechanism for
limiting the growth of ion-acoustic waves because the instability relies on a resonant three-
wave process. Any shift in the local frequency of the ion-acoustic resonance relative to the
ponderomotive frequency, created by the incident and reflected light, will limit the growth
of the SBS instability.

Experiments at the Trident Laser Facility (see Sec. 5.1) observe detuning of the
SBS instability by a velocity gradient and by kinetic effects. Direct evidence of detuning
of SBS by a velocity gradient was observed through a novel use of two Thomson-scattering
diagnostics allowing us to measure the frequency and amplitude of the ion-acoustic waves
directly responsible for SBS. By comparing the local ion-acoustic frequency, with the local
frequency of the driven acoustic wave we have measured the actual detuning of the SBS
instability.

We will show that ion-acoustic waves and the SBS reflectivity saturate for inten-
sities above I > 1.5 x 10> W ecm ™2 where we have seen direct effects of trapping. Adding
a small amount of Au to our Be plasmas allowed the accurate determination of the ion
temperature by measuring the relative damping of two ion-acoustic modes. We report up
to a factor of two increase in ion temperature when ion-acoustic waves are excited to large
amplitude by SBS [39]. This increase in ion temperature is a strong indication of hot ions

due to trapping.
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9.1.1 Thomson scattering

Thomson scattering provides a measure of the frequencies and amplitudes of co-
and count-propagating ion-acoustic waves in a plasma. From the measured resonant fre-
quencies, the local sound speed, electron temperature, and particle flow can be determined.
The amplitude of the ion-acoustic wave is proportional to the square root of the mea-
sured intensity. In multi-ion-species plasmas, the relative amplitude of the light scattered
from ion-acoustic waves allows an accurate determination of the ion temperature (see Sec.
4.3). In theory, the ion temperature can also be obtained from the width of the intensity
peaks in the Thomson-scattering spectra, but velocity and temperature gradients within
the Thomson-scattering volume make this measurement uncertain and therefore, unreliable
in laser produced plasmas.

In our experiment, the wavelength of the probe laser, the scattering geometry, and
the plasma parameters result in collective Thomson scattering from fluctuations character-
ized by wave numbers such that the scattering parameter is greater than one, o = 1/k,\p =
3, where k, is the acoustic scattering wave vector and Ap is the electron Debye length.

When observing low frequency collective effects with Thomson scattering, the
frequency of the scattered light is shifted from the laser frequency in two ways: by the
frequency of the ion-acoustic wave in the frame of the plasma (w, =csk,), and by the
relative ion flow in the laboratory frame (vs). The frequency shift due to the ion-acoustic

waves is given by,

2

_ )‘30.1
A)‘ZG,U) = 2—7['c (Cska) (91)
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while the ion flow shifts the spectral peaks by,

AXfiow = A <¥a : 7f) (9.2)

2me

where the dispersion relation is given by,

w Zkae + 3kbﬂ
— = Ce = .
ko7 mi(1+k2N%, my

kp is Boltzmann’s constant and m; is the ion mass and Z is the particles average charge state.
Therefore, if the sound speed is known, the frequency shift of one peak in the Thomson-
scattering spectra relative to the frequency of the probe laser, provides a measure of the
plasma flow.

We employed two separate Thomson-scattering spectrometers observing the same
volume and location in the plasma (Fig. 7.1a); one of the Thomson-scattering diagnostics
measured light scattered from the SBS excited ion-acoustic waves (k,=k see Fig. 7.1b)
which propagate parallel to the interaction beam (Fig. 9.1a). The other Thomson-scattering
diagnostic probes ion-acoustic waves propagating perpendicular (k,=k, see Fig. 7.1b) to
the interaction beam (Fig. 9.1b). The latter allows us to measure the local sound speed
(proportional to the electron temperature), while the former measures both the frequency
of the excited ion-acoustic wave (from k|| co-propagating in the direction of the interaction
beam) and the plasma flow along the interaction beam (—kH counter-propagating in the

direction of the interaction beam).
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Figure 9.1: (a) The driven Thomson scattering spectra provides a measure of both the
plasma flow along the axis of the interaction beam (-kj|), the frequency of the SBS driven
acoustic wave (kj), and the relative amplitude of the SBS driven ion-acoustic waves. This
data is representative of a point at z=-375 um and x = 400 um with an interaction beam
intensity of I= 1.5 x 10 W em™2. (b) Our thermal Thomson-scattering spectra allow us

to measure the electron temperature by observing ion-acoustic waves propagating perpen-
dicular (k) to the driven ion-acoustic waves (kj|).
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9.2 Plasma characterization

9.2.1 Plasma temperature

The plasma has been well-characterized (see Chapt. 6); Figure 9.2 shows a con-
stant electron temperature profile (T.(x = 400 um) = 450 eV) along the interaction beam
axis. Figure 9.1b shows a typical Thomson-scattering spectrum (k). Two peaks corre-
sponding to thermal ion-acoustic fluctuations propagating perpendicular to the interaction
beam (k) are evident. The data are fit using a standard theoretical form factor which uses
the electron temperature as the only sensitive free parameter for our fully ionized Be plas-

mas (see Sec. 4.2). The measured width of the peaks (d\) gives an estimated velocity range

S

Cs

(o %) = 0.5 within the Thomson-scattering volume. This broadening is to be expected

as the initial plasma length is only y= 100 pm in the perpendicular direction and therefore,
the Thomson-scattering volume is centered around the outward expansion of the plasma.
An error of 20% in the electron temperature is due to the broad Thomson-scattering spec-
tra. The error bars were determined by fitting the form factor over a reasonable spread in
the data.

The ion temperature has been measured using Be plasmas with small amounts
of Au. Measuring the relative damping of two kinetic modes produced in these multi-ion-
species plasmas allowed us to determine the ion temperature with high accuracy. In this

study we found the ion temperature to be T;(x= 300um)=250 eV (see Sec. 4.3).
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Figure 9.2: The sound speed (right axis) and therefore the electron temperature (left axis)
were measured to be a constant T, = 450 eV along the interaction beam axis, x=400 pm

from the surface of the target. The line is a best fit.
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9.2.2 Plasma flow

Figure 9.1a shows a Thomson-scattering spectra in which the probed ion-acoustic
waves are co- and counter-propagating in the direction of the interaction beam (k). The
blue-shifted light is scattered from ion-acoustic fluctuations (—k||), i.e., the standard Thomson-
scattered signal. The form factor is fit to the blue-shifted intensity peak using the inde-
pendently measured electron temperature and a flow of é = 0.7. The red-shifted intensity
peak in the theoretical fit (A = 3513.8 A) corresponds to the local ion-acoustic resonance
for waves co-propagating in the direction of the interaction beam (k| ). Note that the use of
two Thomson-scattering diagnostics is necessary as the driven acoustic wave is not assumed
to be at the local resonant frequency. In fact, from Fig. 9.1a it is evident that the SBS
driven ion-acoustic waves are off resonance (see Sec. 9.3.1).

By moving the target, we have used scattering from the ion-acoustic fluctuations
(=k)|) to map out the velocity flow (Fig. 9.3) (see Sec. 6.6). A 200 um velocity plateau in
the middle of the plasma is evident while a Mach 1 flow was measured in the front of the
plasma. A LASNEX [29] simulation using a 1-mm circular target with an average intensity
of 10 W cm™2 calculated a radial flow 400 ym from the target that compares well with

our data in Fig. 9.3.

9.2.3 Plasma electron density

The frequency of the light backscattered by the electron plasma wave (SRS) is a

strong function of the electron plasma frequency (%2)6 = %) and therefore, the density

(see Sec. 6.2),
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Figure 9.3: The frequency shift of the peak intensity scattered from thermal (—kH) ion-
acoustic waves allows us to measure a velocity profile along the interaction beam axis. A
LASNEX simulation using a 1-mm disk target reproduces the velcocity profile.
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Figure 9.4: (a) The SRS spectra is measured at x=400 pm from the target surface. A
normalized linear gain calculation is fit to the data (line) to obtain the density. (b) The
electron density calculated from the SRS spectra are plotted as a function of the distance
from the target surface. LASNEX calculations are plotted (line).

2 3k%k, T,

W =|wpe

me
where m, is the mass of an electron, and k= 2k, is the wave-vector of the probed electron
plasma wave.

Figure 9.4a shows the measured SRS spectrum for a shot where the interaction
beam was focused x=400 pm from the target surface. The spectrum peaks at 665 nm which
corresponds to a density of ne(x= 400 pm) = 1.2 x 10?° ecm~3. The spectra was fit using a
linear gain calculation. To match the spectral width a 10% density gradient was assumed
over 300 um. The corresponding SRS gain was Gg.s = 10. The electron density profile

normal to the target surface is shown in Fig. 9.4b.
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9.3 Saturated SBS regime

Figure 9.1a shows Thomson-scattering data in which the SBS instability driven by
the interaction beam, has excited ion-acoustic waves (kj|) to large amplitude. The intensity

of the scattered light is proportional to the square root of the amplitude of the probed

on

ne). In Fig. 9.5, the local normalized ion-acoustic wave amplitude

ion-acoustic wave (12 o
(z=-375) and the SBS reflectivity are plotted as a function of the intensity of the interaction
beam. The amplitude of the local SBS driven ion-acoustic waves and the SBS reflectivity

saturate for intensity I > 1.5 x 10®> W cm™2.

The intensity was varied by changing the
energy from 10 to 150 J while all other parameters were held fixed.

Various saturation mechanisms have been suggested to explain ion-wave satura-
tion, including frequency detuning induced by trapping [3, 9, 39], 2-ion-wave-decay [8, 51,
7, 52], increased linear Landau damping due to kinetic ion heating [53, 43|, and nonlinear
damping associated with wave-breaking [48, 44], and energy coupling with higher harmon-
ics [54, 55]. Detuning of SBS can be a powerful mechanism for limiting the growth of
ion-acoustic waves because the instability relies on a resonant three-wave process. Any
shift in the local frequency of the SBS driven ion-acoustic wave relative to the frequencies
of the incident and/or reflected light will limit the growth of the SBS instability. In the
following sections we will investigate detuning of the local ion-acoustic wave due to velocity
gradients and kinetic effects. We have found that velocity gradients increase the threshold

2

for linear growth, but for intensities above I > 1.5 x 10> W cm ™2 non-linear kinetic effects

saturate SBS.
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Figure 9.5: The ion-acoustic wave amplitude and the SBS reflectivity are plotted as a
function of the intensity of the interaction beam. The target was moved to probe ion waves
at z = —375 pum. The plasma length along the interaction beam was L=1-mm.

9.3.1 Velocity gradient

The measured velocity gradient Doppler shifts the local resonant frequency of
the ion-acoustic waves, detuning the SBS resonance, therefore, saturating the driven ion-
acoustic wave. From Fig. 9.1a it is evident that the SBS driven ion-acoustic waves are
are off resonance. The local resonant frequency for acoustic waves with k| (shown by the
red-shifted intensity peak in the theoretical form factor) is lower than that of the measured
SBS driven ion-acoustic wave by 1.1 A, which proves that SBS is detuned by the velocity
gradient (i.e. SBS-driven acoustic waves are locally off resonance). Figure 9.6 shows that
the frequency of the driven ion-acoustic wave remains unchanged as one moves away from
the velocity plateau and towards the front of the plasma. This indicates that the frequency

of the ponderomotive force driving the ion-acoustic waves in the front of the plasma is
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constant.

From Fig. 7.4 it is apparent that SBS grows rapidly in the plateau creating a large
scattered light wave. This scattered light wave beats with the incident light wave creating
a constant frequency ponderomotive force in the front of the plasma (i.e., the frequency of
the light scattered from the plateau and the frequency of the incident light are constant).
From the resonant acoustic wave, it is apparent that the acoustic resonance is changing as
one move towards the front of the plasma, therefore, the constant ponderomotive frequency
created in the plateau is increasingly off resonance in the front of the plasma and the spatial
amplitude of the ion-acoustic waves can not resonantly grow in the front of the plasma.

The experiment was simulated in 2-D using pF3d [40]. A f/6 RPP beam with

2 was propagated

a best focus of 60 um and an average vacuum intensity of 101> W cm™
through a L = 1000 pm slab of plasma (T, = 450 eV, n, = 1.2 x 10% em™3). A Mach 2
transverse flow and the measured velocity profile along the propagation axis were included
(right axis Fig. 9.6)

Figure 9.6 shows the simulated spatial growth of the ion-acoustic waves. The
calculated amplitude profile is shown in Fig. 7.4 after post processing the simulation and
averaging over a 70 um area similar to the experiments. It is evident that large ion-acoustic
waves are driven only in the front half of the plasma. The velocity gradient in the back
of the plasma prevents any significant SBS growth. The plateau in the middle provides a
resonant region where SBS drives a large ion-acoustic wave. In the front of the plasma,

the strong velocity gradient prevents SBS growth at the local resonant frequency, but the

off resonance ponderomotive force drives non-resonant acoustic waves in the front of the
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Figure 9.6: (color). The wavelength shift of the peak intensity for the down shifted (solid
squares) and up-shifted (open circles) Thomson-scattering peaks are plotted. The up-shifted
intensity peaks reveal a Mach 1 flow parallel to the interaction beam (right axis). The
data are plotted on top of a pF3d simulation where ion-acoustic waves are driven to large
amplitude in the front of the velocity plateau.
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plasma (Fig. 9.6).

While the amplitude of the driven acoustic waves (g—’:) is readily obtained from
simulations, it has to be calculated from the measured intensity peaks in the Thomson-
scattering spectra. This is done by comparing the scattered reflectivity from thermal fluc-

tuations (i.e. the power scattered in to the left intensity peak in Fig. 9.1a divided by the

incident laser power), which is given by:
L o
Rthermal = ZroneL&uAQemp

where 1 is the classical electron radius, Lg, is the length along the direction of the 3w
probe beam, and AQ.,, is the solid angle of the collecting optics (an /5 lens), with the

reflectivity scattered by the driven acoustic wave given by:

L 2 29 on\?
Rdm’ven = Z"ﬂoneA?,wL?;ch TL_

e

where dn/n. is the amplitude of the acoustic wave and L. its correlation length along the
direction of the 3w probe beam. L. can be estimated by the transverse size of speckles
generated by the interaction beam fo,Ag,.

Figure 9.7 shows that this estimation of dn/n. reproduces the overall spatial shape
predicted by pF3d, but the absolute amplitude is smaller by almost an order of magnitude.
Various factors can explain this discrepancy. For instance, any misalignment of the optics,
an overestimation of L., or enhanced thermal fluctuations would lead to an underestimation
of the acoustic wave amplitude. Assuming the latter, we have verified that increasing the
amplitude of the thermal noise source used both in the Thomson-scattering calculations

and in the SBS simulations by an order of magnitude gives a good agreement between the
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Figure 9.7: The measured amplitude of the excited ion-acoustic wave (2—2) is plotted as a
function of the position along the interaction beam. The calculated amplitude profile from
pF3d (solid line) after averaging over a 70 pm area similar to the experiment is shown.

measured and simulated wave amplitude and spatial profiles. A study of the amplitude
of the thermal noise in laser induced plasmas needs to be completed to investigate the
discrepancies in the calculated wave amplitudes seen in this and other studies, see Ref. [19].

Figure 9.8a plots the average SBS reflectivity as a function of the length of the
plasma along the interaction beam (L). This scaling was done by using various sizes of
targets. The SBS reflectivity should scale exponentially with the length of the velocity
plateau. From simulations it is apparent that there is no velcocity plateau for targets
shorter than 600 microns, therefore, the reflectivity below this point is due to scattering

from regions of the plasma where there is a velocity gradient. In these cases, the reflectivity
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Figure 9.8: The (a) SBS reflectivity and (b) normalized ion-wave amplitude is plotted as a
function of plasma length along the interaction beam axis.

is very sensitive to the actual shape of the velocity gradient and no simple scaling is available.
As shown previously, a very precise characterization of the plasma conditions was necessary
to model SBS from the largest 1-mm targets (see Sec. 9.3.1). Figure 9.8b shows the measured
ion-acoustic wave ratio (Rariven/Rihermat) i the middle of the plasma (z= 0) as a function

of the plasma length along the interaction beam (L).

9.3.2 Kinetic effects (Trapping)

When the intensity exceeds I > 1.5 x 10> W cm™2, it is clear that even with a
strong velocity gradient, non-linear kinetic effects are needed to explain saturation of the

SBS instability. In our range of experimental parameters (6 < Zp.T./T; < 14) there are
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many particles at the ion-acoustic phase velocity, therefore non-linear kinetic effects are a
plausible mechanism to saturate SBS.

By adding small amounts of Au to our Be plasmas, we were able to accurately
measure an increase in ion temperature when ion-acoustic waves were driven to large am-
plitude. For these plasmas, the solution to the kinetic dispersion relation reveals two modes
which react qualitatively differently when the ion temperature is changed. Namely, when
the ion temperature is increases, the damping of the two modes move inversely. Figure 9.9a
shows the multi-ion spectra for two different ion temperatures. These data are fit using a
multi-ion form factor with two free sensitive fit parameters (T;, T¢) [23]. The frequency
shift of the outter peak is set by the electron temperature, while the relative amplitude of
the two intensity peaks is determined by the ion temperature.

Figure 9.9b shows the ion temperature increase as a function of the SBS excited
ion-acoustic wave amplitude. As the interaction beam excites ion-acoustic waves, the ion
temperature in the plasma was measured to increase, while we found no change in the
electron temperature. Comparing Fig. 9.5 and Fig. 9.9b it is evident that the increase in
ion temperature is directly linked to the saturated regime. This direct observation of an
increase in ion temperature is an indication of ion trapping. In this experiment ion-acoustic
waves are excited in the direction of the interaction beam. These driven acoustic waves trap
ions which are then accelerated creating hot ions. After thermalization this will increase
the average ion temperature which we have measured using Thomson scattering.

Trapping induces a modification of the dispersion relation for the SBS acoustic

wave, creating a non-linear frequency shift [7, 15, 9]. This non-linear frequency shift detunes
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Figure 9.9: The ratio of T./T; as a function of the normalized ion-wave amplitude shows
evidence of the generation of hot ions and ion trapping. The ion-wave amplitude is normal-
ized to the thermal ion-wave amplitude. Data for Be plasmas with 5% Au (circles) and 10%
Au (squares) show a factor of two increase in ion temperature. The gray area represents
calculated results from a simple energy balance between energy deposition due to SBS, and
a free-streaming heat flux.
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the SBS resonance therefore, saturating the ion-acoustic wave. Using this trapping model,
the calculated SBS reflectivity is close to the 5% measured in our experiments [38].
Furthermore, we have tested this model by estimating the ion temperature in the
Thomson-scattering volume. We balance the energy flux deposited into the ion-acoustic
waves (from the Manley-Rowe relations) with a free streaming heat flux [44]. This model
assumes that the energy deposition is local and thermalization is fast enough so that heat
is carried away by Maxwellian ions when a steady state is reached. Theoretical and exper-
imental ion-wave amplitudes were related by matching a high reflectivity point; the model

then reproduces the experimental scaling for ion temperature (Fig. 9.9b).

9.4 Summary

We have presented a detailed study of SBS saturation mechanisms in low-Z Be
plasmas. We find that detuning of the SBS instability by velocity gradients and by trapping
are effective mechanisms for saturating the SBS reflectivity. Direct evidence of detuning of
SBS by a velocity gradient was observed through a novel use of two Thomson-scattering
diagnostics, allowing us to directly measure the frequency shift between the frequency of the
SBS driven acoustic wave relative to the local resonant acoustic frequency. Furthermore,
we have shown that by adding small amounts of Au to our Be plasmas have allowed us
to accurately determine the ion temperature by measuring the relative damping of two
ion-acoustic modes. We report up to a factor of two increase in ion temperature when ion-
acoustic waves are excited by SBS. This increase in ion temperature is a strong indication

of hot ions due to trapping.
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Trapping is an efficient saturation mechanism in low-Z plasmas because there are
significant particles at the wave’s phase velocity, but in general trapping does not explain
saturation in high-7Z plasmas. Both the ion-acoustic wave and SBS reflectivity have exper-
imentally been shown to saturate in high-Z plasmas [19]. Previous non-linear saturation
mechanisms such as two-ion-decay or harmonic generation in high-Z plasmas have been
suggested, but these effects have never been experimentally or theoretically verified.

In part due to the measured kinetic effects, trapping is currently being imple-
mented in models to help simulate low-Z conditions [56], and experiments are underway to
investigate saturation mechanisms in high-Z plasmas. Understanding the saturation mech-
anisms in high-Z plasmas is critical in the development of indirect drive inertial confinement

fusion.
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Chapter 10

Conclusions

We have shown that detuning of the SBS instability by velocity gradients and
trapping are effective mechanisms in Low-Z Be plasmas for saturating the SBS reflectivity.
Direct evidence of detuning of SBS by a velocity gradient was observed through a novel
use of two Thomson-scattering diagnostics, allowing us to directly measure the frequency
shift of the SBS driven acoustic wave relative to the local acoustic frequency. Furthermore,
experiments using multi-ion-species plasmas have allowed us to accurately determine the
ion temperature by measuring the relative damping of two ion-acoustic modes. We report
upto a factor of two increase in ion temperature when ion-acoustic waves are excited by
SBS. This increase in ion temperature is a strong indication of hot ions due to trapping.

Trapping is an efficient saturation mechanism in low-Z plasmas because there
are significant particle at the wave’s phase velocity, but in general trapping does not ex-
plain saturation in high-Z plasmas. Both the ion-acoustic wave and SBS reflectivity have

experimentally been shown to saturate [19]. Previous theories have suggested non-linear
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saturation mechanisms such as two-ion-decay or harmonic generation in high-Z plasmas,
but these effects have never been experimentally or theoretically verified.

In part due to the measured kinetic effects, trapping is currently being implemented
in models to help simulate low-Z conditions and experiments are underway to investigate
saturation mechanisms in high-7Z plasmas. Understanding the saturation mechanisms in

high-Z plasmas is critical in the development of indirect drive inertial confinement fusion.
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Indirect drive inertial confinement fusion depends on ef-
ficient propagation of high intensity laser beams through
multi-ion-species plasmas in closed-geometry hohlraums.
Understanding ion-wave growth and the saturation mecha-
nisms in these plasmas is necessary to improve the energy
coupling in the fusion capsule and to develop models that
will predict stimulated Brillouin scattering (SBS) laser en-
ergy losses at future fusion facilities such as the National
Ignition Facility. The SBS instability results from the
resonant coupling of an intense laser pulse with an ion-
acoustic wave. The resulting driven ion-acoustic wave has
been shown to saturate [1-4]. A possible mechanism to
explain ion-wave saturation is frequency detuning by trap-
ping [1,5].

In this Letter, we present the first observations of the
growth of ion-acoustic waves in a well-characterized
multi-ion-species plasma consisting of Au and Be. Using
Thomson scattering, we directly measure the growth of
the ion-acoustic wave responsible for the SBS light. The
temporally resolved Thomson-scattering spectra show
simultaneously the scattering from thermal ion-acoustic
fluctuations and ion-acoustic waves that have been excited
to large amplitude by SBS using a 2w interaction beam.
For this experiment, the solution to the kinetic dispersion
relation gives slow and fast ion-acoustic modes which
are evident in our Thomson-scattering spectra as fast
Be-like and slow Au-like peaks [6]. We observe that
only the Be-like mode grows, verifying predictions made
by linear kinetic theory. In addition, we use a new
technique that measures the relative damping of the slow
and fast modes to determine the ion temperature with
high accuracy. We measure up to a factor of 2 increase in
the ion temperature when ion-acoustic waves are excited
by SBS. This measurement of the ion temperature, and
its correlation with SBS, is the first direct quantitative
evidence of hot ions created by trapping in laser plasmas.
Motivated by the observed increase in ion temperature
and SBS reflectivity measurements, we developed a model
that includes trapping effects, providing the necessary

105003-1 0031-9007/02/88(10)/105003(4)$20.00
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saturation mechanism to give SBS reflectivity values
consistent with the experiment.

The experiments used a three-beam configuration at the
Trident Laser Facility [7]. The multi-ion-species targets
consisted of a mixture of Be with 1%, 5%, or 10% Au
by atomic number which was fabricated by coating a sub-
strate with alternating Au-Be layers of varying thickness
[8]. The plasma was produced by a heater beam with
180 J of 2w (A = 527 nm) laser light in a 1.2-ns-long
square pulse. The heater beam was focused normal
to the target surface (Fig. 1a) using an f/6 lens and a
strip line random phase plate. This produced a line focus
(~1000 X 100 um) with an intensity of 10* Wcm=2 [9].
The targets were cut such that initially an 800 X 100 um
plasma was formed. A separate high energy 2w interaction

c) Heater Beam ' . ' ‘(d)
© 1440 % 1
Interaction Beam .
N T
Thomson Probe o é.
- [ |
to 830 1400 ps 360 FOAU _@_ J
= mixed Au/Be
3m robe 200 400
(a) _ ) X (um)
diode y
Interaction ko (b)
beam Rz
/ ks /84" Ngo
k
To Thomson el oo f B
scattering detector =2k,

FIG. 1 (color). (a) Schematic of the experimental setup.
(b) The angle between the incident (ksi,) and scattered (k)
Thomson beam (|ks,,| = |ks|) is determined by matching
the driven ion-wave vector (k, =~ 2k,,) with the Thomson-
scattering wave vector (k). (¢) Relative beam timings. (d) The
electron temperature is plotted as a function of the distance
from the target surface at a time of 1.4 ns.
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beam, 1.2-ns-long square pulse, was aligned parallel to the
target and focused to a ~60 pwm diameter spot, resulting
in laser intensities up to 4 X 10 Wem™2 [10].  The
interaction beam was used to drive SBS which excites
ion-acoustic waves in the plasma. The wave number of the
excited ion-acoustic wave was matched using a third 3w
(A =351 nm) 180 ps Thomson-scattering probe beam
(Fig. 1b). The beams were timed such that the interaction
beam turned on 830 ps after the heater beam. The
Thomson-scattering probe began 200 ps after the end of
the heater beam (Fig. 1c). A region of plasma overlapping
the interaction beam path was imaged onto a half-meter
spectrometer with an optical magnification of 5:1. The
cylindrical Thomson-scattering volume, centered in the
y-z plane, was 60 pm long and 40 um in diameter.
The spectrally resolved Thomson-scattering signal was
detected with a streak camera, resulting in a spectral and
temporal resolution of 0.05 nm and 100 ps, respectively.
Figure 2 shows the Thomson-scattering data with and
without the interaction beam at a distance of x = 300 wm
from the target surface. The blow-off plasma was well
characterized by fitting the standard multi-ion-species
form factor [11,12] to the Thomson-scattering spectra
taken in the absence of the interaction beam. The electron
temperature, 7,(x = 300) = 600 eV, is directly deter-
mined by the separation of the fast Be-like mode since
the Be ions are fully ionized, Zg, = 4. Furthermore, the
phase velocity of the slow mode is sensitive to the product
of the average Au charge state and electron temperature,
ZauT,, therefore allowing the accurate measure of the
charge state, Za,(x = 300) = 40. The relative amplitude
of the peaks in the Thomson scattering spectra belonging
to the slow and fast ion-acoustic waves provides an
accurate measure of the ion temperature, 7;(x = 300) =
250 eV. The product of the Au charge state and electron
temperature, Zx,7T,, is measured along the heater beam

Lb) 10% Au

—
o

o

Intensity (arb. units)

1k 4

3509 3513 3517 3509 8513 3517
Wavelength (A)

FIG. 2. The measured Thomson-scattering spectra (+) from
Be plasmas with (a) 1% and (b) 10% Au. The solid line is the
best fit theoretical form factor with the addition of a Gaussian
line profile in the upper two plots. The bottom data set represents
scattering when the interaction beam is turned off, while the
upper spectra show data with an interaction beam intensity of
3.5 X 108% Wem™2
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axis by varying the distance of the Thomson-scattering
volume from the Au disk targets (Fig. 1d). The average
Au charge state was assumed to vary slowly from 43 at
x =200 pm to 38 at x = 400 pm [13].

The wavelength of the probe laser (A = 351 nm), the
scattering geometry, and the plasma parameters result in
collective Thomson scattering from fluctuations character-
ized by wave numbers such that the scattering parameter is
greater than one, « = 1/kAp =~ 3, where k is the thermal
Thomson-scattering wave vector and Ap is the electron
Debye length. An electron density of n, = 10 ¢cm™
was calculated by radiation-hydrodynamic modeling and
is consistent with other experiments [14]. The collective
ion effects are seen in Fig. 2, where representative scatter-
ing spectra are shown with two different ion concentrations
revealing both the slow and the fast modes.

When the interaction beam is used, ion-acoustic waves
are excited by SBS which produce backward scattered
light. In order to measure the amplitude of the excited
ion waves, the angle # between the incident and scattered
wave vectors of the Thomson-scattering probe was ad-
justed to match the Thomson-scattering wave vector, k ==
2ks,, sind /2 with the driven ion-wave vector k, = 2ka,,
giving § = 84° (Fig. 1b). It is noted that we observe
thermal ion-acoustic wave fluctuations in all the Thomson
spectra, driven or undriven, as the blueshifted peaks.

The top spectra in Fig. 2 show that, once the interaction
beam is turned on, only the redshifted peak belonging to
the fast Be-like mode are excited by SBS. No excitation
of the slow ion-acoustic wave has been observed. The
spectra are fit using the standard theoretical form factor;
when SBS is excited, a Gaussian line profile centered
on the frequency of the fast Be-like peak is added. The
area under the Gaussian line profile is varied to fit the
driven peak. In the parameter regime of this experiment,
the spatial growth of SBS from either acoustic mode is
inversely proportional to its Landau damping. Because
of the fast energy equilibration time between the Be and
Au, we can assume each species has the same ion tem-
perature. The solution to the multi-ion-species dispersion
relation shows that the fast mode is weakly damped (the
normalized Landau damping is v;/w, = 0.05 for a
10% Au mixture with 7;/T, =~ 0.3) and the slow mode
is heavily damped (v,/w, = 0.3). Our SBS linear gain
calculations, using the codes LIP/PIRANAH [15], reproduce
the findings of Fig. 2 with almost no amplification of the
slow mode (Gsps =~ 5) and a large amplification for the
fast mode (Gsgg = 200).

Figure 3 shows the measured SBS reflectivity for vari-
ous mixtures of Au and Be. These measurements have
been performed by collecting and collimating the SBS light
using the f/6 aspheric lens that focuses the interaction
beam. The light is then reflected off a beam splitter, passed
through a narrow 532 nm notch filter, and focused onto a
diode that measured both the incident and backreflected
SBS light (Fig. 1a). We observe the SBS reflectivity to be
a few percent, while linear theory (i.e., convective gain)
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FIG. 3 (color). The SBS reflectivity has been measured to de-
crease for beryllium plasmas with increasing gold concentration
(black diamonds). This trend is reproduced by our nonlinear
trapping theory (blue circles).

gives a reflectivity of nearly 100%. It is therefore clear
that, while our linear theory predicts the growth of the fast
mode and not the slow mode as seen in Fig. 2, the SBS
reflectivity data indicate a need for a nonlinear model that
includes saturation of ion-acoustic waves.

Figure 4a shows the ion temperature increase as a func-
tion of the SBS excited ion-acoustic wave amplitude. The
ion-wave amplitude is defined to be the square root of the
ratio of the area under the redshifted spectra, to the area
under the blueshifted spectra; the ion-wave amplitude is
proportional to 8n/n,. Figure 4b indicates the sensitivity
of the Thomson spectra to ion temperature. As the ion tem-
perature increases, the damping of the fast mode increases
while the damping of the slow mode decreases, resulting
in a respective rise and fall in the blueshifted peaks of the
thermal undriven Thomson spectra. With the interaction
beam employed, the ion-wave amplitude increases and the
ion temperature rises (Fig. 4a), while we found no change
in the electron temperature. This direct observation of an
increase in ion temperature indicates that ion trapping is
important and could be the critical saturation mechanism.

In this experiment we excite ion-acoustic waves in
the direction of the interaction beam. These driven ion
waves trap ions which are accelerated (creating hot ions)
in the same direction as the driven acoustic wave. After
thermalization this will increase the average ion tempera-
ture which we measure from the blueshifted peaks in the
Thomson-scattering spectrum; note that the blueshifted
peaks result from scattering off ion-acoustic wave fluctua-
tions in the direction counterpropagating to the original
hot ions. We have therefore included these trapping
effects in our nonlinear theory of SBS.

In our range of experimental parameters, 6 <
ZgeT,/T; < 14, the population of Be ions near the
phase velocity of the ion-acoustic wave is large enough so
that trapping effects are a plausible saturation mechanism.
Trapping reduces the ionic part of the linear Landau
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FIG. 4 (color). (a) The ratio of T;/T, as a function of ion-
wave amplitude is plotted indicating hot ions and ion trap-
ping. Data for Be with 5% Au (blue circles) and 10% Au
(black squares) are shown. The solid green line is the result
of modeling and shows good agreement with the experiment.
(b) The blueshifted (thermal) Thomson-scattering spectra for a
10% Au mixture are shown for a shot without the interaction
beam (black squares) and a shot with an interaction beam in-
tensity of 3.5 X 10" Wcem™2 (green circles) resulting in an in-
crease in ion temperature from 250 to 475 eV.

damping of the driven wave by flattening the distribution
function around the phase velocity of the wave [5,16];
therefore, a lower limit for the residual damping, v, is
the electronic Landau damping and a small collisional
damping (v/w, =~ 0.015).

Another effect of the trapping is a modification of the
dispersion relation for the SBS acoustic wave, creating a
nonlinear frequency shift, 6 [5,17,18]:

50 (5n>1/2
o~ &
w e
SBe 4 2y,-v?%/2 Te<5")1/2
= - — Zn.— | —
7 (" — ve e\ )

(6]

where 7 is the detuning parameter, w, is the SBS acoustic

wave frequency, fg. is the fraction of Be ions in the plasma

(fre = 0.9) . and v = vy /vne, vBe = /7 is the ther-

mal velocity of the Be ions. The phase velocity (vg) of
the fast mode is given by the multi-ion-species disper-
sion relation (v is of order of Zg.T,/T;). This nonlinear
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frequency shift detunes the resonant coupling between
the interaction beam and the ion-acoustic wave, therefore
saturating the SBS instability.

Including these effects in a steady-state coupled-wave
model of SBS gives (from Ref. [19]):

ion Snlz)
i — Bg e = L 2 ne )
ne 4 e  Ne
(. dn ) Snz)  iwg Zaem, <U0>2A1(Z)*
i —+v|—=——+-|— ) ——,
e ne w, my c Agp

(3

where Ag (A;) is the incoming (reflected) laser light vec-
tor potentials, wq is the laser frequency, and vy is the
electron quiver velocity. Balancing the two terms on the
left-hand side of Eq. (3) shows that detuning becomes
important for SBS saturation when 8n/n, ~ v>/n> =
0.1% for our parameters. The SBS reflectivity is calcu-
lated by integrating the system of equations [Eqgs. (2) and
(3)] between z = 0 and z = L for different fractions of
Au and is in rough agreement with the experimental val-
ues (Fig. 3). Parameters used in the model were selected to
match the experiment (L = 800 um, 7; /T, =~ 1/2, Iy =
3 X 105 Wem™2, n, = 10% cm™?). This model is de-
pendent on the electron density and the interaction beam
intensity; the error bars in Fig. 3 result from uncertainties
in these experimental parameters. The scaling with the
fraction of Au ions is well reproduced, and is mainly from
a decreasing phase velocity of the fast mode when the frac-
tion of Au ions is increased, which increases the number of
ions at the phase velocity resulting in a larger detuning pa-
rameter () and therefore more efficient detuning, (i.e., the
same acoustic wave amplitude creates a larger frequency
shift).

We further test this model by estimating the ion tempera-
ture in the Thomson-scattering volume (z = L/2). We
balance the energy flux deposited into the acoustic waves
(from the Manley-Rowe relations) with a free streaming
heat flux [20]:

Wy
— (Rspslo) = npcTivpe- )
wo

This model assumes that the energy deposition is local, i.e.,
the mean-free path of the hot ions accelerated by trapping
(a few tens of um) is much smaller than the length of the
plasma (L ~ 1 mm), and thermalization is fast enough so
that heat is carried away by Maxwellian ions when a steady
state is reached. Theoretical and experimental ion-wave
amplitudes were related by matching a high reflectivity
point; the model then reproduces the experimental scaling
for 7;. The gray area in Fig. 4a is due to the error in
the modeled SBS reflectivity and the uncertainties in the
energy loss to the electrons and Au ions.

Validation of the main assumptions of this modeling (a
steady state is reached and the nonlinear frequency shift is
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the main effect that detunes and saturates the instability)
through comparisons of particle-in-cell and fluid simula-
tions is beyond the scope of this paper, but such a de-
tuning effect has been emphasized in various publications
[1,3,21]. The saturation mechanism governed by detun-
ing will be much weaker in high-Z plasmas (CO2, pure
Au) because the detuning parameter is a strong function of
charge state.

In summary, we have presented the first measurements
of the growth of ion-acoustic waves in well-characterized
multi-ion-species plasmas. Our measurements of the SBS
reflectivity indicate the need for a saturation mechanism.
Using Thomson scattering and by adding a small fraction
of Au ions to a Be plasma enabled the first accurate mea-
surement of T; in laser-plasma interaction studies; while
T; was found to increase with SBS reflectivity and with
the amplitude of the (local) acoustic waves, T, was found
to be constant. This is consistent with our model, where
the increase in 7; is due to trapping of ions by the SBS
ion-acoustic waves.
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Thomson-scattering measurements of the growth of ion-acoustic waves are obtained from
well-characterized multi-ion-species plasmas consisting of gold and beryllium. Simultaneously, the
ion temperature is accurately measured by comparing the relative amplitude of thermal ion-acoustic
modes. A twofold increase in ion temperature was measured when ion-acoustic waves are excited to
large amplitudes by stimulated Brillouin scattering (SBS). This increase in ion temperature is a
strong indication of hot ions due to trapping. The measured SBS reflectivity is explained by
nonlinear detuning of the SBS instability due to these trapping effects. © 2002 American Institute

of Physics. [DOL 10.1063/1.1508776]

1. INTRODUCTION

Ton-acoustic wave saturation mechanisms in large scale
multi-ion-species plasmas play an important role in the en-
ergy coupling into the fusion capsule. It is therefore impera-
tive to the success of inertial confinement fusion (ICF) to
understand the physical processes and to develop models'?
that will predict ion-acoustic wave growth and stimulated
Brillouin scattering (SBS) laser energy losses at future fusion
facilities such as the National Ignition Facility (NIF). The
SBS instability results from the resonant coupling of an in-
tense laser pulse with an ion-acoustic wave. The resulting
reflected SBS light is dependent on the ion-acoustic waves
excited by the SBS instability. The amplitude of the SBS
driven ion-acoustic waves have been shown to saturate 3~® A
possible mechanism to explain the saturation of the SBS in-
stability is frequency detuning by trapping.>’

We present observations of the growth of ion-acoustic
waves in a well-characterized multi-ion-species plasma con-
sisting of Au and Be. Using Thomson scattering, we directly
measured the growth of the ion-acoustic waves responsible
for the SBS light; concurrently we measure the SBS reflec-
tvity. The Thomson-scattering spectra show simultaneously
the scattering from thermal ion-acoustic fluctuations and ion-
acoustic waves that have been excited to large amplitude by
SBS using a 20w (A=527 nm frequency doubled from A
=1054 nm) interaction beam. For this experiment, the addi-

1070-664X/2002/9(11)/4709/10/$19.00 4709

tion of small amounts of Au to Be plasmas results in a solu-
tion to the kinetic dispersion relation with two modes. The
mode with the larger phase velocity is weakly damped while
the other mode is heavily damped. In this manuscript we call
“fast mode” the solution to the kinetic dispersion relation
with the larger phase velocity while the “slow mode” is the
solution with the smaller phase velocity.

We observe that when exciting SBS, only the fast mode
grows to large amplitude verifying predictions made by lin-
ear kinetic theory. In addition, we use a new technique that
measures the relative damping of the two modes to deter-
mine the ion temperature with high accuracy. We measure up
to a factor of two increase in the ion temperature when ion-
acoustic waves are excited by SBS. This measurement of an
increase in ion temperature, and its correlation with SBS, is
direct quantitative evidence of hot ions created by trapping in
laser plasmas. Motivated by this observed increase in ion
temperature and our SBS reflectivity measurements, we de-
veloped a model that includes trapping effects, providing a
saturation mechanism that gives SBS reflectivity values con-
sistent with the experiment.

In Sec. II of this paper we present the experimental
setup. Section ITT describes the plasma characteristics for
both pure Au and Be—Au plasmas. Section IV discusses our
experimental Thomson scattering and SBS reflectivity re-
sults. A theoretical modeling that includes nonlinear detuning
due to trapping effects is developed and compared to our

© 2002 American Institute of Physics
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FIG. 1. (a) Schematic of the experimental setup. (b) The angle between the
incident (K3“) and scattered (k>) Thomson beam (|k3|=|k3|) is deter-
mined by matching the driven ion-wave vector (ka=2k§“') with the
Thomson-scattering wave vector (k). (c) Relative beam timings.

experimental results in Sec. V. Section VI summarizes our
findings.

Il. EXPERIMENTAL SETUP
A. Target and beam configuration

The experiments used a three-beam configuration at the
Trident Laser Facility.® The targets consisted of pure Au or a
mixture of Be with 1%, 5%, or 10% Au by atomic number.
These multi-ion-species targets were fabricated by coating a
substrate with alternating Au—Be layers of varying thickness.
LASNEX,*™"! a hydrodynamic code using an atomic physics
model that has been tested in Ref. 12, calculates that plasmas
created with this target configuration homogeneously mix
within the first nanosecond of the experiment.

The plasma was produced by a heater beam with 180 J
of 2w (A =527 nm) laser light in a 1.2 ns-long square pulse.
The heater beam was focused normal to the target surface
[Fig. 1(a)] using an f/6 lens and a strip line random phase
plate (RPP). This produced a line focus (~1000X 100 gm)
with an intensity of 10'* Wcem™2.'3 The targets were cut
such that initially an 800X 100 gm plasma was formed.

A separate high energy (200 J) 2w interaction beam, with
a 1.2 ns-long square pulse, was aligned parallel to the target
and focused with an f/6 lens to a ~60 um diameter spot,
resulting in laser intensities up to 7X 10" Wem ™2, The in-
teraction beam was used to drive SBS which excites ion-
acoustic waves in the plasma. A third 3w (A =351 nm) 180
ps long beam was used as a Thomson-scattering probe. The
geometry was selected so that the light from the Thomson
probe would scatter from ion-acoustic waves driven by the
interaction beam [Fig. 1(b)]. The beams were timed such that
the interaction beam turned on 830 ps after the heater beam.
The Thomson-scattering probe began 200 ps after the end of
the heater beam [Fig. 1(c)]; there is an uncertainty in the
absolute timing of 150 ps between the end of the heater beam
and the peak of the Thomson probe.

Froula et al.

B. Stimulated Brillouin scattering

The SBS instability results from the resonant coupling of
the incident electromagnetic wave (wi“’,kg“’) with an ion-
acoustic wave (w, ,k,) and a back-scattered electromagnetic
wave (02°— w,,—k>?). The beating of the incident and
scattered wave creates a ponderomotive force which reso-
nantly drives the acoustic wave (ka=2k§“’). In turn, the
growing ion-acoustic wave Bragg scatters the incident wave,
causing the scattered wave to grow. The resonanting instabil-
ity causes the ion waves to grow from thermal noise levels to
large amplitude.

In this experiment, the backward SBS light has been
collected by the lens used to focus the interaction beam. A
4% beam splitter separated the back-scattered light which
was then filtered with a narrow 527 nm notch filter used to
eliminate stray light. The SBS reflected light and the inter-
action beam power were monitored by a diode which enables
an absolute measurement of the SBS reflectivity [Fig. 1(a)].

C. Thomson scattering

The wavelength of the probe laser (A=351nm), the
scattering geometry, and the plasma parameters result in col-
lective Thomson scattering from fluctuations characterized
by wave numbers such that the scattering parameter is
greater than one, o= 1/k,\p~3, where k, is the acoustic
scattering wave vector and h\p, is the electron Debye length.
The electron density was calculated using LASNEX to be
n,(x=300 zm)=10* cm~3 which is consistent with Refs.
14 and 15; x is the direction of the target normal [see Fig.
1(a)]. In these calculations, nonlocal thermodynamic equilib-
rium atomic physics was used with a flux limiter of f
=0.03. Thomson scattering was used as a diagnostic to mea-
sure the relative amplitude of the SBS driven ion-acoustic
waves by directly scattering from ion-acoustic fluctuations
with a wave vector k,~=2k>”. Figure 1(b) shows the wave
number matching condition for Thomson scattering from the
SBS driven acoustic waves. This relation is used to deter-
mine the angle # between the incident light and the
Thomson-scattering collection optics

ky=2ks,, sin 6/2= 6=84°. )

The Thomson-scattering spectra show peaks correspond-
ing to the modes of the plasma which are solutions to the
plasma dispersion relation. For a single-ion-species plasma
and a> 1 the Thomson-scattering spectrum shows two peaks
near the Thomson probe laser frequency corresponding to the
co- and counter-propagating ion-acoustic waves with a wave
number equal to k, [Fig. 1(b)]. In the presence of the inter-
action beam only the ion-acoustic wave co-propagating in
the direction of the interaction beam will be excited; there-
fore, only the red-shifted peak will be amplified.

A region of plasma overlapping the interaction beam
path was imaged onto a half-meter spectrometer with an op-
tical magnification of 5:1. The cylindrical Thomson-
scattering volume was defined by the f/10 focusing optics
and the projection of a 200 £mX200 ym aperture defined
by the spectrometer and streak camera slits. The Thomson-
scattering volume is centered with respect to the target sur-
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face (y-z plane) and is approximately 40 gmX40 ym
X 60 pm. Its distance from the target surface was varied for
the gold plasmas between x =200 ym and x=400 um; for
the gold-beryllium targets the volume probed was at a dis-
tance of x=300 pm. The spectrally resolved Thomson-
scattering signal was detected with a Hamamatsu S-20 streak
camera resulting in a spectral and temporal resolution of 0.04
nm and 100 ps, respectively.

1ll. PLASMA CHARACTERIZATION
A. Gold plasmas

The linear dispersion relation for ion-acoustic waves in a
single-ion-species plasma is given by

<wa)27kae 7 3Ti)

J— _ —
k M {1+iN, T,

@

a |

where M is the ion mass, Z is the average charge state, while
T, and T'; are the electron and ion temperatures, respectively.
For a high-Z plasma or for 7';/7,< 1, a condition that is met
in our Au plasmas, the second term in Eq. (2) can be ne-
glected. In this case the frequency separation of the ion-
acoustic peaks is proportional to the electron temperature.
The wavelength separation between the two peaks is AN
=203, /2mc. Therefore, we find from Tigs. (1) and (2)

An—a . 0) [ Zk,T,
M=o sinl 7L N i ey

which gives, AN[nm]=3X10"3yZ7 [eV]. This formula
can be used to estimate the electron temperature but for bet-
ter accuracy, our data were fit using the standard theoretical
form factor [Fig. 2(a)].

Figure 2(b) shows Thomson-scattering data for Au plas-
mas at various distances from the target. The product of the
Au charge state and electron temperature, Z,,7,, is mea-
sured along the heater beam axis by varying the distance of
the Thomson-scattering volume from the Au disk targets.
Figure 2(c) is a plot of the electron temperature gradient
measured along the x axis using the average Au charge state

)

o Au
m mixed Au/Be

FIG. 2. (a) A 50 ps wide lineout is
shown for the Au streak data (+) at x

=300 um. The data are fit using the
standard form factor (line). (b)
Thomson-scattering streak data from
Au plasmas are shown for three sepa-
rate distances from the target. (c) The
measured electron temperature
(points) is plotted as a function of the
distance from the target surface; a cal-
% culated average charge state of Z=40
was used. The electron temperature
profile calculated by LASNEX just af-
ter the heater beam turns off (line).

300 350 400 450

X (um)

(Zau=43) calculated by LASNEX. The calculated average
charge state was flat in the measured region. In this study,
these calculations were experimentally verified by measuring
the average Au charge state using multi-ion-species plasmas
at x=300 um (Sec. MIB). The scattering spectra for the
closest measurement to the target (x=200 um) show three
distinct peaks; we have assumed that the middle peak is stray
light most likely scattered directly from the target surface,
and found 7,= 1500 e¢V. If on the contrary we interpret one
of the outer peaks as spurious, the inferred electron tempera-
ture would be 400 eV. Figure 2(c) shows the electron tem-
perature profile just after the heater beams are turned off (1.2
ns) as calculated by LASNEX for our experimental condi-
tions. These calculations show strong conduction into the
solid target after the heater beam is turned off at 1.2 ns. The
discrepancy in the calculated electron temperature far from
the target surface could be due to the flux limiter used in the
calculation; there are also geometric effects due to the two-
dimensional (2D) axisymetric hydrodynamic code.

B. Multi-ion-species plasmas

Figure 3 shows the thermal Thomson-scattering spectra,
measured without the interaction beam, for Be plasmas with
1%, 5%, and 10% Au at a distance of 300 um from the
target. The two ion-acoustic modes result in four Thomson-
scattering peaks (2 modes, counter and co-propagating to the
interaction beam axis). The peaks with the greatest separa-
tion correspond to a fast ion-acoustic mode (vy/c=4.2
X10™*). The smaller, less shifted peaks correspond to a
slow ion-acoustic mode (v,/c=9X 10°%). In Fig. 3 four
peaks can be seen, except for the 1% Au case where the two
inner peaks are not resolved by the spectrometer. Indeed the
solution to the multi-ion-species dispersion relation shows,
for our conditions, the presence of a weakly damped fast
mode (the normalized LLandau damping is v; / w,=0.05) and
a slow mode with a larger damping (v; /w,=0.3) [Fig.
6(b)].

The contribution of the different particles to each mode
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FIG. 3. Thomson-scattering spectra for three different Au concentrations averaged over ~25 ps are shown: (a) 1% Au, (b) 5% Au, (c) 10% Au. The solid lines

represent the best fit theoretical multi-ion-species form factor.

is apparent through the calculation of the respective species

susceptibilities:
afs RN
@y, PJ‘*“ évd o * .
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where wpa:ezZzna/ g,m, is the plasma frequency of the
a-specie; P denotes the Cauchy principal value. Figure 4
compares the contribution of the individual species through a
plot of the respective susceptibilities. For the slow mode (left
column), both the Be and electron species have susceptibili-
ties with a real part (Re(Xe,Be)z(ka)\De,DBe)iz) which

E=1+Xg+Xge+ Xpy=0
Re(gy) ~ (khps)” | Rofty,) ~—(PpBofn,)”

Ro(Xy,) ~—(pAum,)” | Refy,) ~~(Cpum,)?

= Xy
Im
Re(%) ~(ppd” | Re0R)~ (i)™
— fr— x.
g Re
Slow Mode Fast Mode

Vau < V< VBe <Ve | Vau<VBe<Vy < Ve

FIG. 4. The magnitude and phase of the susceptibility for each species is
shown for both the slow and fast modes by the amplitude and angle of the
corresponding arrow. In the slow mode, the Be ions screen (top left
Re(xge)>>0) the motion of the Au ions (middle left Re(xa,) <0). The Au
ions participate very little in the fast mode (middle right |xg,|<1). In both
modes the electrons have a screening effect (bottom row). There is a small
imaginary component in the susceptibilities of the fast mode, therefore, the
mode is weakly damped (right side). The slow mode has significant contri-
butions along the imaginary axis resulting in large damping.

gives a real vector component opposing that of the Au spe-
cies; therefore, both the electron and Be ion motion screen
the Au ion fluctuations. The right column of Fig. 4 shows the
respective contribution of the species to the fast mode. Here
both the Be and Au ions participate in the wave (i.e., both
have real vector components in the same direction and
Re(Xpeaw)=— w; AuBe wz), while the electron motion
screens the fields setup by the ions. For the fast mode, using
the conditions similar to the experiment (7,=430¢V, T;
=140eV, n,=10® cm™3, and Z,,=40) we find: yp,
=—6.4+0.06i; xp\,= —2.06-0.17i; x,=743+0.136i (left
column of Fig. 4). Noting that the phase velocity of the fast
mode is much larger than the thermal velocities of both types
of ions (vp,/c=13X10"%v,,/c=2.8X107%), the fast
mode consists of Be and Au ions oscillating in phase
(Re()(Be,Au)ﬁ*w;Au,Be/ ®?) while being shielded by the
electrons (Re(x,)=(k,\p,) ?). This is in contrast to the
slow mode (right column of Fig. 4) where the phase velocity
is between the thermal velocities of the individual ions re-
sulting in susceptibiliies (ype—26.7+41i5xA,= 352
—42.9i;x,=7.43+0.037) that show the ions oscillating out
of phase.'®'” Here the Be ions play a role similar to the
electrons in shielding the Au ions (Re(xpe)= (kA D'Be)’z,
where \p p=Vpe/®@p o). The individual particle contribu-
tions to the susceptibilities for each mode are shown in Fig.
4.

As in the single species case, the separation between the
peaks corresponding to a particular mode is roughly propor-
tional to the phase velocity of the mode, and therefore, if the
charge state of one of the species is known then the electron
temperature and charge state of the second species can be
measured.

The Thomson-scattering spectra were fit using the stan-
dard multi-ion-species form factor first developed by Fejer'®
and later applied by Evans.'® The electron temperature,
T,(x=300 um)=0600 eV, is directly determined from this
fit since at this temperature, Be is fully ionized, Zy,=4.
Therefore, the use of two-ion-species plasmas allows the di-
rect measure of the average gold charge state, Z,,(x
=300 um) =40, verifying our LASNEX calculations. Figure
5(a) shows the sensitivity of the form factor to electron tem-
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FIG. 5. (a) The theoretical form factor is plotted for 20% variations in
electron temperature (a), and ion temperature (b) while all other parameters
are held fixed. The spectra are normalized such that their maximum ampli-
tude is one.

perature. It is clear from these plots that the electron tem-
perature can be determined to better than 15%.
Furthermore, the two-ion-species plasmas have allowed
us to measure the ion temperature in a unique way; the rela-
tive amplitude of the peaks in the Thomson-scattering spec-
tra belonging to the slow and fast ion-acoustic waves provide
an accurate measure of the ion temperature, 7;(x
=300 pm)=250 e¢V. As aresult of the sensitivity of [.andau
damping to ion temperature (Fig. 6), the damping of the fast
mode increases while the damping of the slow mode de-
creases when the ion temperature is increased. This is illus-
trated by a respective increase or decrease in the amplitude
of the peaks in the Thomson-scattering spectra [Fig. 5(b)].
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FIG. 6. (a) The ratio between the amplitude of the light scattered from the
fast mode to the amplitude of the light scattered from the slow mode is
plotted as a function of ion temperature for a fixed electron temperature,
T,=600¢V. (b) Normalized Landau damping, v,/w,, for the fast mode
(dashed line) and the slow mode (solid line), as a function of the ion tem-
perature for a fixed electron temperature, 7,=600 eV. The concentration of
Au was 10%. The shaded regions correspond to the range of ion tempera-
tures in the present experiment where the slow mode is more heavily
damped than the fast mode.

Figure 6(a) indicates the sensitivity of the Thomson-
scattering spectra to the ion temperature; the ratio between
the amplitudes of the slow and fast mode is plotted as a
function of ion temperature while all other parameters are
held constant. It is possible to measure the ion temperature to
better than 15% using these multi-ion-species plasmas [Fig.

5(b)].

IV. EXPERIMENTAL RESULTS

A. Thomson scattering on SBS driven ion-acoustic
waves

Figure 7(a) shows the Thomson-scattering data in which
ion-acoustic waves are being driven by the ponderomotive
force due to the interaction beam. Figure 7(b) shows lineouts
of these data revealing that once the interaction beam is
turned on, only the ion-acoustic waves excited by SBS are
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FIG. 7. (a) Streaked Thomson spectra for a Be plasma with a 10% Au mixture are shown for a shot without the interaction beam (undriven) and shots with
interaction beam intensities of 5X 10! W em ™2 and 7X 10'> W ecm ™2 (driven). (b) Line outs show the increasing amplitude of the red-shifted light; the square
root of the intensity is proportional to the amplitude of the driven ion-acoustic wave. The blue-shifted peaks are fit with the standard multi-ion-species form

factor showing an increase in ion temperature from 250 to 475 eV.

driven to large amplitudes. The undriven part of the spectra
are fit using the standard theoretical form factor; when ion-
acoustic waves are excited, the driven part of the spectra is fit
with a Gaussian. This fit is used to calculate the relative
amplitude of the driven acoustic wave. The ion-acoustic
wave amplitude is defined to be the square root of the ratio
between the area under the red-shifted Thomson-scattering
spectra, and the area under the blue-shifted spectra; the ion-
acoustic wave amplitude is proportional to Sn/n, .

Our SBS linear gain calculations, using the codes
LIP/PIRANAH,? reproduce the findings of Fig. 7 with al-
most no amplification of the slow mode (Gio¥~5) and a
large amplification for the fast mode (G 5% ~200). This dif-
ference in the amplification can be explained; when these
modes are being driven in steady state, the rate of energy lost
through ILandau damping (v; W,) must be balanced with the
energy transferred to the electrons by the ponderomotive
coupling. The energy of the SBS driven acoustic wave is
given by

B Hwe) 5
16T do )

For a given electrostatic field £, (i.e., a given electronic

density perturbation), the rate of energy lost through Landau
damping for the individual modes can be compared

(VslowWZIOW) . Vslow( Re( ngw ) —130 (6)
VW5 P Re(x.) ’

where Vou(fasy 18 the normalized Landau damping for the
slow(fast) mode. Hence, in addition to having a larger Lan-
dau damping, the slow mode, in comparison to the fast
mode, needs more laser energy to be sustained at a given
amplitude.

B. lon temperature

Figure 8 compares two measured spectra, one without
the interaction beam and the other with an interaction beam
intensity of /=7X10'> W cm 2. The variation in the ampli-
tude of the thermal peaks is a direct indication of a change in
ion temperature. Figure 9 shows the ion temperature increase
as a function of the SBS excited ion-acoustic wave ampli-
tude. When the energy in the interaction beam is increased,
the ion-wave amplitude increases and the ion temperature
rises; we found no change in the electron temperature. The
ion temperature was normalized to the electron temperature
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FIG. 8. The blueshifted (thermal) part of the Thomson-scattering spectra for
a 10% Au mixture are shown for a shot without the interaction beam (tri-
angles) and a shot with an interaction beam intensity of 7X 10'> W em™2
(squares) resulting in an increase in ion temperature from 250 to 475 eV.

in Fig. 9 to remove variations in the plasma parameters due
to the heater beam. The electron temperature varied by less
than 10% for a given heater beam energy and was indepen-
dent of the interaction beam intensity. This direct observation
of an increase in ion temperature indicates that energy is
directly transferred from the SBS driven ion-acoustic waves
into the ions. Trapping of Be ions is a plausible mechanism
for such an energy transfer.

The SBS instability excites an ion-acoustic wave propa-
gating in the same direction as the interaction beam; when
this wave is driven to large amplitude it traps Be ions, accel-
erating them in its direction of propagation. After thermali-
zation by collisions, the average ion temperature increases.

0.8

0.64

TilTe
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lon-acoustic Wave Amplitude
(Norm. to thermal peaks)

FIG. 9. The ratio of T;/T, as a function of the normalized ion-wave ampli-
tude shows evidence of the generation of hot ions and ion trapping. The
ion-wave amplitude is normalized to the thermal ion-wave amplitude. Data
for Be plasmas with 5% Au (circles) and 10% Au (squares) show a factor of
two increase in ion temperature. The gray area represents calculated results
from a simple energy balance between energy deposition due to SBS, and a
free-streaming heat flux (Sec. V).
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FIG. 10. The SBS reflectivity has been measured to decrease for beryllium
plasmas with increasing gold concentration (diamonds). This trend is repro-
duced by our non-linear SBS theory (shaded area). Linear calculations are
also shown (black line).

We measure this increase in ion temperature from the light
scattered off thermal ion-acoustic waves counter-propagating
to the original hot ions.

C. SBS reflectivity

Figure 10 shows the measured SBS reflectivity for the
various mixtures of Au and Be. We observe the SBS reflec-
tivity to be a few percent, while linear theory (i.e., convec-
tive gain) predicts a reflectivity of nearly 100%. It is, there-
fore, clear that while our linear theory allows one to predict
which ion-acoustic waves will be driven to large amplitudes
by SBS, the SBS reflectivity data (Fig. 10) indicate a need
for a nonlinear model that includes saturation of ion-acoustic
waves. It should be noted that even after the ion temperature
has increased, the fast mode is still weakly damped (Fig. 6)
and linear reflectivity predictions are close to 100%, so in
these experiments, saturation of the SBS can not be ex-
plained by an increase in lLandau damping due to global
heating of the ions.*!

V. MODELING: SATURATION OF THE SBS
REFLECTIVITY BY NONLINEAR FREQUENCY SHIFT

In our range of experimental parameters (6<Zp.I,/T;
< 14) the population of Be ions near the phase velocity of
the acoustic wave is large enough so that trapping effects are
a plausible saturation mechanism. Trapping suppresses the
ionic part of the linear Landau damping of the driven wave
by flattening the distribution function around the phase ve-
locity of the wave;?? therefore, a lower limit for the residual
damping, v, is the electronic Landau damping and a small
collisional damping (v/ w;~0.015).
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Another effect of the trapping is a modification of the
dispersion relation for the SBS acoustic wave, creating a
nonlinear frequency shift, 6Q:7*%*

50 Sn\1?
v, N,
- fBe (0471}2)

27

., Te on 172
xe "’lezBeTi(n—e) : &)

where 7 is the detuning parameter, o, is the SBS acoustic
wave frequency, fj, is the fraction of Be ions in the plasma,
and v=0v4/Vpe, Vg~ VI;/Mp is the thermal velocity of
the Be ions. The phase velocity (vg4) of the fast mode is
given by the multi-ion-species dispersion relation (v? is of
order of Zy T, /T)).

This nonlinear frequency shift detunes the resonant cou-
pling between the interaction beam and the ion wave, there-
fore saturating the SBS instability. As the ion-acoustic waves
are excited to large amplitude, ions are accelerated in the
waves potential wells, therefore, slowing the waves phase
velocity detuning the SBS resonance so that energy is no
longer coupled into these ion-acoustic waves by the incident
laser.

Including these effects in a steady-state coupled-wave
model of SBS gives®

[ n, _iwg n(z)* n,
cy\/1 n—cézAl(Z)f e . n—cAO, (8)

. ,5n+ \ 5”(2)71-“’3 Zgem, [vo\ > Ay(2)* 9
ING, TV T, T e, m c Ay ©)

e e a i

where Ay(A;) is the incoming (reflected) laser light vector
potentials, w, is the laser frequency, v is the electron quiver
velocity. Balancing the two terms on the LHS of Eq. (9)
shows that detuning becomes important for SBS saturation
when 8n/n,~ v*/ 7*=0.1% for our parameters. Solving the
system of equations [Eqs. (8) and (9)] between z=0 and z
=L leads to

on

n,

39% én
2z 2
(4

Geps(L)=|1n

2v% | n

L
} , (10)
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where Ggpg is the usual linear convective gain calculated
with the reduced damping discussed above. The logarithmic
part is responsible for an exponential growth until the detun-
ing dominates the damping, leading to a polynomial growth
in length. The SBS reflectivity for different fractions of Au is
shown in Fig. 10 and is in rough agreement with the experi-
mental values. Parameters used in the model were selected to
match the experiment (L=800 um, 7;/7T,~1/2,[,=3
X 10 Wem™2, n,=10% cm™3). This model is dependent
on the electron density and the interaction beam intensity;
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FIG. 11. As more Au ions are added to a Be plasma, the phase velocity of
the SBS driven wave decreases (right axis, dashed lines); more Be ions can
be trapped, and the detuning parameter () increases (left axis, solid lines).
Two sets of curves are shown for 7;=400 (upper curves) and 7;=250
(lower curves).

therefore, the error bars in Fig. 10 result from uncertainties in
these experimental parameters. The scaling with the fraction
of Auions is well reproduced and is mainly due to a decreas-
ing phase velocity of the fast mode when the fraction of Au
ions is increased which increases the number of ions at the
phase velocity. This results in a larger detuning parameter
(7), and therefore, more efficient detuning (i.e., the same
acoustic wave amplitude creates a larger frequency shift)
(Fig. 11). It should be noted that for a concentration of Au
greater than 10%, absorption by inverse bremsstrahlung and
collisional effects need to be included.

We further test this model by estimating the ion tempera-
ture in the Thomson-scattering volume. We balance the en-
ergy flux deposited into the acoustic waves (from the
Manley—Rowe relations) with a free streaming heat flux:2®

wS
—(Repslo)(z=LI2)=np, T(z=L12)vp(:=L12).
0
1n

This model assumes that the energy deposition is local, i.e.,
the mean-free path of the hot ions accelerated by trapping (a
few tens of wm) is much smaller than the length of the
plasma (L~1mm), and thermalization is fast enough so
heat is carried away by Maxwellian ions when a steady-state
is reached. Theoretical and experimental ion-wave ampli-
tudes were related by matching a high reflectivity point; the
model then reproduces the experimental scaling for ion tem-
perature. This agreement shows that our modeling of SBS
gives a correct estimate of the acoustic wave amplitude in the
Thomson-scattering volume, but does not prove that trapping
actually occurs; however, trapping is the most plausible
means for energy transfer form the waves to the ions with
these plasma conditions. The fact that the electron tempera-
ture does not increase rules out inverse bremsstrahlung and
other energy transfer through electrons.
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FIG. 12. (a) The results of a PIC simulation of SBS show a phase diagram where trapping can clearly be seen to repeat at the spatial frequency of the driven
ion-acoustic wave. (b) The Be distribution function evolves from an initial Maxwellian (dashed line), and after 60 ps (solid line) shows a plateau at the phase

velocity and a tail of hot ions.

Validation of the main assumptions of this modeling (a
steady-state is reached and the nonlinear frequency shift is
the main effect that detunes and saturates the instability)
through comparisons of particle-in-cell (PIC) and fluid simu-
lations 18 beyond the scope of this paper, but such a behavior
has been emphasized in various publications>*"?® and pre-
liminary PIC simulations of SBS, with the experimental pa-
rameters, using the hybrid code Bzohar’ show trapping of the
Be ions by the SBS acoustic wave. Figure 12 shows the
distribution of particles in phase space where trapped par-
ticles follow closed orbits and concurrently the distribution
function exhibits a hot tail with ions moving up to twice the
phase velocity. The saturation mechanism governed by de-
tuning will be much weaker in high Z-plasmas (CO,, pure
Au) because the detuning parameter is a strong function of
charge state.

VI. SUMMARY

In summary, we have presented measurements of the
growth of ion-acoustic waves in well-characterized multi-
ion-species plasmas. Our measurements of the SBS reflectiv-
ity indicate the need for a saturation mechanism. Using
Thomson scattering and adding a small fraction of Au ions to
a Be plasma enabled an accurate measurement of 7;, while
T; was found to increase with SBS reflectivity and with the
amplitude of the (local) acoustic waves, 7, was found to be
constant. This is consistent with our model where the in-
crease in 7; is due to trapping of ions by the SBS ion-
acoustic waves, while the electron—ion collision rate and the
electronic part of the Landau damping is very small, so that
T, and T; are de-coupled.
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An experimental study of the stimulated Brillouin scattering (SBS) instability has investigated
the effects of velocity gradients and kinetic effects on the saturation of ion-acoustic waves in a
plasma. For intensities less than 1< 1.5 x 10'* W cm ™2, SBS is in a linear regime and is moderated
primarily by velocity gradients, while for intensities above this threshold, non-linear trapping is
relevant. We report direct evidence of detuning of SBS by a velocity gradient which was achieved
by directly measuring the frequency of the SBS-driven acoustic wave relative to the local resonant
acoustic frequency. The frequency and amplitude of the ion-acoustic wave directly responsible for
SBS has been measured as a function of space using a 3w 200ps Thomson-scattering probe beam.
Furthermore, a novel use of Thomson scattering has allowed us to gather direct evidence of kinetic
effects associated with the SBS process in the non-linear regime. Specifically, a measured two-fold
increase in the ion temperature has been linked with ion-acoustic waves that have been driven to
large amplitudes by the SBS instability. Ion-acoustic waves were excited to large amplitude with a
2w 1.2-ns long interaction beam with intensities up to 7 x 10*® W e¢m™ 2. The measured two-fold
increase in the ion temperature and its correlation with SBS reflectivity measurements provides

quantitative evidence of hot ions created by ion trapping in laser plasmas. These detailed and
accurate measurements in well-characterized plasma conditions allow a direct test of linear and

non-linear models of the saturation of SBS.

PACS numbers: 52.25.Qt, 52.35.Fp,52.40.Nk,52.50.Jm

I. INTRODUCTION

An understanding of the propagation of laser light into
an underdense plasma is critical in the development of
indirect-drive inertial confinement fusion. Understand-
ing ion-wave growth and the saturation mechanisms in
these plasmas is necessary to improve the energy coupling
into the fusion capsule. Currently models are being de-
veloped to predict stimulated Brillouin scattering (SBS)
laser losses in high temperature, large-scalelength plas-
mas that will be achieved in inertial confinement fusion
at future facilities such as the National Ignition Facil-
ity [1, 2]. We will present measurements that have veri-
fied both hydrodynamic (velocity gradients) and kinetic
(trapping) effects on SBS.

The SBS instability results from the resonant coupling
of an intense laser pulse, a scattered light wave, and an
jon-acoustic wave. SBS excites an ion-acoustic wave from

*Lawrence Livermore National Laboratory, University of Califor-
nia, P.O. Box 808, Livermore, California 94551

thermal fluctuations to large amplitude where it has been
shown to saturate [3-6]. Previous models have suggested
non-linear saturation mechanisms such as two-ion-decay,
trapping, and wave breaking [7-10]. Theory has long
predicted that velocity gradients will create a mismatch
in the parametric SBS instability therefore, reducing the
growth of ion-acoustic waves [11]. Detuning of SBS can
be a powerful mechanism for limiting the growth of ion-
acoustic waves because the instability relies on a resonant
three wave process. Any shift in the local frequency of
the ion-acoustic resonance relative to the ponderomotive
frequency, created by the incident and reflected light, will
limit the growth of the SBS instability.

Experiments at the Trident Laser Facility observe de-
tuning of the SBS instability by a velocity gradient and
by kinetic effects. Direct evidence of detuning of SBS by
a velocity gradient was observed through a novel use of
two Thomson-scattering diagnostics allowing us to mea-
sure the frequency and amplitude of the ion-acoustic
waves directly responsible for SBS. By comparing the
local ion-acoustic frequency with the frequency of the
driven acoustic wave, we have measured the actual de-
tuning of the SBS instability.



We will show that ion-acoustic waves and the SBS
reflectivity saturate for intensities above I > 15 x
10'® W em~2 where we have seen direct effects of trap-
ping. Adding a small amount of Au to our Be plasmas al-
lowed the accurate determination of the ion temperature
by measuring the relative damping of two ion-acoustic
modes. We report up to a factor of two increase in ion
temperature when ion-acoustic waves are excited to large
amplitude by SBS [12]. This increase in ion temperature
is a strong indication of hot ions due to trapping.

In Sec. II of this paper we present the experimen-
tal setup. Section IIT describes the measurements made
to characterize the plasma while Sec. IV discusses SBS
saturation experiments and presents observed linear and
non-linear saturation mechanisms. Section VI summa-
rizes our findings.

II. EXPERIMENTAL SETUP
A. Beam and Target configuration

The experiments used a three-laser beam configuration
at the Trident Laser Facility [13]. The plasmas were pro-
duced by a heater beam with 180 J of 2w (A = 527 nm)
laser light in a 1.2-ns-long square pulse. The heater beam
was focused normal to the target surface (Fig. 1a) using
an f/6 lens and a strip-line random phase plate. This
produced a 1200 gm x100 gm line focus with an inten-
sity of 10" W ¢cm~2 [14]. The targets where cut to vary
the length of the plasma along the interaction beam axis
between L = 1000 gym and L = 250 pm. A 2w inter-
action beam with a maximum energy of 230 J in a 1.2-
ns-long square pulse was aligned parallel to the target
surface (Fig. 1c). The interaction beam was focused to
a ~ 60 um diameter spot, resulting in intensities up to
7x10™ W em~2. The interaction beam was used to drive
SBS which excites ion-acoustic waves (k|| = 2ka,,) in the
plasma co-propagating in the direction of the interaction
beam (Fig. 1b).

The third laser beam, 3w (A = 3513.0 A), was
aligned 48° from the interaction beam and was used
as a Thomson-scattering probe beam (Fig. 1a). The
probe beam was focused to a 50 pm spot overlapping
the focus of the interaction beam. The probe beam
and Thomson-scattering collection optics define a volume
(70 pmx70 pmx60 pm) located at the center of the tar-
get chamber. The 2w interaction beam was timed to turn
on 1.0 ns after the heater beam. The 180 ps Gaussian 3w
probe beam was turned on 400 ps after the interaction
beam near the peak of the backscattered SBS light.

B. Thomson scattering

Thomson scattering provides a measure of the frequen-
cies and amplitudes of co- and counter-propagating ion-
acoustic waves in a plasma. From the measured resonant
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FIG. 1: (a) The experimental setup is shown with three beams
intersecting the Thomson volume located at target chamber
center. Light is collected by two f/5 collection lenses. (b)
A diagram detailing the ion-acoustic wave-vectors probed is
shown. (c¢) The target was moved to spatially probe ion-
acoustic waves in the plasma; the location of the Thomson
volume and the focus of the interaction beam remain at target
chamber center.

frequencies, the local sound speed, electron temperature,
and particle flow can be determined. The amplitude of
the ion-acoustic wave is proportional to the square root of
the measured intensity. In multi-ion-species plasmas, the
relative amplitude of the light scattered from ion-acoustic
waves allows an accurate determination of the ion tem-
perature [15-17]. In theory, the ion temperature can also
be obtained from the width of the intensity peaks in the
Thomson-scattering spectra, but velocity and temper-
ature gradients within the Thomson-scattering volume
make this measurement uncertain and therefore, unreli-
able in laser-produced plasmas.

In our experiment, the wavelength of the probe laser,
the scattering geometry, and the plasma parameters re-
sult in collective Thomson scattering from fluctuations
characterized by wave numbers such that the scatter-
ing parameter is greater than one, a = 1/k,Ap = 3,
where k, is the acoustic scattering wave vector and Ap
is the electron Debye length. The ion-acoustic scatter-
ing wave vector is determined by energy and momentum



equations:

Wg = Wo — Ws.

For low-frequency fluctuations, k, ~ k, and the acoustic
wave vector is given by,

ko = 2k, sin (Q)
2

where ¢ is the angle between the Thomson-scattering
probe and the collection optics (Fig. 1b).

‘When observing low frequency collective effects with
Thomson scattering, the frequency of the scattered light
is shifted from the laser frequency in two ways: by the
frequency of the ion-acoustic wave in the frame of the
plasma (w, =csk,), and by the relative ion flow in the
laboratory frame (v;). The frequency shift due to the
ion-acoustic waves is given by,

2
Aligw = N (csky) (1)

27e

while the ion flow shifts the spectral peaks by,

N, -
Axﬂowzﬁ(ka.w) 2)

where the dispersion relation is given by,

ks is Boltzmann’s constant and m; is the ion mass and
7, is the particles average charge state. Therefore, if the
sound speed is known, the frequency shift of one peak in
the Thomson-scattering spectra relative to the frequency
of the probe laser provides a measure of the plasma flow.

We employed two separate Thomson-scattering spec-
trometers observing the same volume and location in the
plasma (Fig. 1a). One of the Thomson-scattering di-
agnostics measured light scattered from the SBS excited
ion-acoustic waves (k,=k|| see Fig. 1b) which propagate
parallel to the interaction beam (Fig. 2a). The other
Thomson-scattering diagnostic probes ion-acoustic waves
propagating perpendicular (k,=k,; see Fig. 1b) to the
interaction beam (Fig. 2b). The latter allows us to mea-
sure the local sound speed (proportional to the square
root of the electron temperature), while the former mea-
sures both the frequency of the excited ion-acoustic wave
(from k)| co-propagating in the direction of the interac-
tion beam) and the plasma flow along the interaction
beam (-k| counter-propagating in the direction of the
interaction beam).
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FIG. 2: (a) The driven Thomson scattering spectra provides
a measure of both the plasma flow along the axis of the inter-
action beam (-kj|), the frequency of the SBS driven acoustic
wave (k| ), and the relative amplitude of the SBS driven ion-
acoustic waves. This data is representative of a point at z=-
375 pm and x = 400 um with an interaction beam intensity of
I= 1.5 x 10'® W em™2. (b) Our thermal Thomson-scattering
spectra allow us to measure the electron temperature by ob-
serving ion-acoustic waves propagating perpendicular (k) to
the driven ion-acoustic waves (k).

C. Full aperture backscatter station

Light incident on a plasma can couple into electron
and ion waves driving instabilities which can backscatter
large amounts of energy [6]. The stimulated Brillouin
(SBS) and stimulated Raman (SRS) instabilities result
from the resonant coupling of the incident and scattered
electromagnetic waves with an ion-acoustic wave (in the
case of SBS) and an electron plasma wave (in the case of
SRS).

The backscattered light was collected and collimated
by the focusing lens of the interaction beam (Fig. la).
Four percent of the backscattered light was split onto a
diagnostics table (Fig. 3) where a fast photodiode mea-
sured the absolute SBS reflectivity. To measure the SBS
and SRS spectra (see Sec. 111 C), the reflections from the
front and back surface of a wedge placed before the pho-
todiode further split the backscattered light into 400 ym
fiber optic cables coupled to 1-meter and 1/4-meter spec-
trometers. The fibers where placed at the focus of the
FABS focusing lens. The light was spatially smoothed by
two 3° diffusers 5 cm from the fiber optic entrances. The
diffusers expanded the spot on the fiber making align-
ment less critical. The fibers were mounted at the slits
of a 1-meter SBS and 1/4-meter SRS spectrometer. The
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FIG. 3: Light backscattered from the plasma is collected and
collimated by the focusing lens of the interaction beam. The
light is split by a 4% wedge to the diagnostic table where
the SBS and SRS spectrum were measured. A photodiode
measured the absolute SBS reflectivity.

SBS spectrometer used a 1200 lines/mm grating and a
200 pm slit to obtain a spectral resolution of 0.05 nm.
The SRS spectrometer used a 150 lines/mm grating with
a 400 pm slit to obtain a resolution of 0.5 nm. A long-
pass glass optical filter (OG570) was used between the
output of the SRS spectrometer and the streak camera to
filter stray light below 570 nm. In both cases, a temporal
resolution of 100 ps was achieved using two Hamamatsu
streak cameras.

A four-percent reflection from the interaction beam
has been used to provide a shot-to-shot calibration for
the photodiode. This beam was split by a wedge along
the path of the interaction beam before the focusing lens
(Fig. 3). The split energy is reflected by an AR mirror
where it is directed back through the wedge and focused
onto the photodiode. This reference pulse arrives at the
photodiode 15 ns after the light from target chamber cen-
ter. The data was reduced by numerically integrating
each pulse; the SBS reflectivity is the ratio of the inte-
grated signals adjusted for the energy loss (96 %) at the
AR mirror.

III. PLASMA CHARACTERIZATION

A. Plasma temperature

The plasma has been well-characterized [18]. Figure 4
shows a constant electron temperature profile (T. =
450 eV) along the interaction beam axis. Figure 2b shows
a typical Thomson-scattering spectrum (k). Two peaks
corresponding to thermal ion-acoustic fluctuations prop-
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FIG. 4: The electron temperature was measured to be a con-
stant T. = 450 eV along the interaction beam axis, x=400
pm from the surface of the target. The line is a best fit.

agating perpendicular to the interaction beam (k) are
evident. The data are fit using a standard theoretical
form factor which uses the electron temperature as the
only sensitive free parameter for our fully ionized Be plas-
mas [19]. The measured width of the peaks (6\) gives
an estimated velocity range ‘Z—”(cx %) = 0.5 within the
Thomson-scattering volume. This broadening is to be ex-
pected as the initial plasma length is only y= 100 ym in
the perpendicular direction and therefore, the Thomson-
scattering volume is centered around the outward expan-
sion of the plasma. An error of 20% in the electron tem-
perature is due to the broad Thomson-scattering spectra.
The error bars were determined by fitting the form factor
over a reasonable spread in the data.

In previous experiments the ion temperature has been
measured using Be plasmas with small amounts of Au.
Measuring the relative damping of two kinetic modes pro-
duced in these multi-ion-species plasmas allowed us to
determine the ion temperature with high accuracy. In
this study we found the ion temperature to be T;(x=
300pm)=250 eV [15].

B. Plasma flow

Figure 2a shows a Thomson-scattering spectra in
which the probed ion-acoustic waves are co- and counter-
propagating in the direction of the interaction beam (k||).
The blue-shifted light is scattered from ion-acoustic fluc-
tuations (—kj), i.e., the standard Thomson-scattered sig-
nal. The form factor is fit to the blue-shifted intensity
peak using the independently measured electron temper-
ature and a flow of = = 0.7. The red-shifted intensity

peak in the theoretical fit (A = 3513.8 A) corresponds to
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FIG. 5: The frequency shift of the peak intensity scattered
from thermal (-k|) ion-acoustic waves allows us to measure a
velocity profile along the interaction beam axis. A LASNEX
simulation using a 1-mm disk target reproduces the velcocity
profile.

the local ion-acoustic resonance for waves co-propagating
in the direction of the interaction beam (k). Note that
the use of two Thomson-scattering diagnostics is neces-
sary as the driven acoustic wave is not assumed to be
at the local resonant frequency. In fact, from Fig. 2a it
is evident that the SBS-driven ion-acoustic waves are off
resonance (see Sec. IV A).

By moving the target, we have used scattering from the
ion-acoustic fluctuations (—k;|) to map out the velocity
flow (Fig. 5). A 200 pm velocity plateau in the middle of
the plasma is evident while a Mach 1 flow was measured
in the front of the plasma. A LASNEX [20] simulation
using a 1-mm circular target with an average intensity of
10 W em~? calculated a radial flow 400 ym from the
target that compares well with our data in Fig. 5.

C. Plasma electron density

The frequency of the light backscattered by the elec-
tron plasma wave (SRS) is a strong function of the elec-

tron plasma frequency (%2;5 = :jfj ) and therefore, the
density [21-24],

3k%k, T,
Yt T

where k3 is Boltzmann’s constant, m. is the mass of an
electron, and k= 2k, is the wave-vector of the probed
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FIG. 6: (a) The SRS spectra is measured at x=400 pm from
the target surface. A normalized linear gain calculation is fit
to the data (line) to obtain the density. (b) The electron den-
sity calculated from the SRS spectra are plotted as a function
of the distance from the target surface. LASNEX calculations
are plotted (line).

electron plasma wave.

Figure 6a shows the measured SRS spectrum for a shot
where the interaction beam was focused x=400 pm from
the target surface. The spectrum peaks at 665 nm which
corresponds to a density of n.(x= 400 gm) = 1.2 x 10%°
cm 3. The spectra was fit using a linear gain calculation.
To match the spectral width a 10% density gradient was
assumed over 300 pum. The corresponding SRS gain was
Ggrs = 10. The electron density profile normal to the
target surface is shown in Fig. 6b.

IV. SATURATED SBS REGIME

Figure 2a shows Thomson-scattering data in which the
SBS instability driven by the interaction beam has ex-
cited ion-acoustic waves (k||) to large amplitude. The
intensity of the scattered light is proportional to the
square root of the amplitude of the probed ion-acoustic
wave (I? o i—Z) In Fig. 7, the local normalized ion-
acoustic wave amplitude (z=-375) and the SBS reflec-
tivity are plotted as a function of the intensity of the
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FIG. 7: The ion-acoustic wave amplitude and the SBS reflec-
tivity are plotted as a function of the intensity of the inter-
action beam. The target was moved to probe ion waves at
7z=-375. The plasma length along the interaction beam was
L=1-mm.

interaction beam. The amplitude of the local SBS driven
ion-acoustic waves and the SBS reflectivity saturate for
intensity I > 1.5 x 10'> W ¢cm™2. The intensity was var-
ied by changing the energy from 10 to 150 J while all
other parameters were held fixed.

Various saturation mechanisms have been suggested to
explain ion-wave saturation, including frequency detun-
ing induced by trapping [3, 12, 25|, two-ion-wave-decay
[6, 26-28], increased linear Landau damping due to ki-
netic ion heating [29, 30], nonlinear damping associated
with wave-breaking and trapping [7, 8], and energy cou-
pling with higher harmonics [31, 32]. Detuning of SBS
can be a powerful mechanism for limiting the growth of
ion-acoustic waves because the instability relies on a reso-
nant three-wave process. Any shift in the local frequency
of the SBS driven ion-acoustic wave relative to the fre-
quencies of the incident and/or reflected light will limit
the growth of the SBS instability. In the following sec-
tions we will investigate detuning of the local ion-acoustic
wave due to velocity gradients and kinetic effects. We
have found that velocity gradients increase the threshold
for linear growth, but for intensities above I > 1.5 x 10'®
W em™? non-linear kinetic effects saturate SBS.

A. Velocity gradient

The measured velocity gradient Doppler shifts the lo-
cal resonant frequency of the ion-acoustic waves, detun-
ing the SBS resonance, therefore, saturating the driven
ion-acoustic wave. From Fig. 2a it is evident that the
SBS driven ion-acoustic waves are off resonance. The lo-
cal resonant frequency for acoustic waves with k| (shown
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FIG. 8: The wavelength shift of the peak intensity for the
down shifted (solid squares) and up-shifted (open circles)
Thomson-scattering peaks are plotted. The up-shifted inten-
sity peaks reveal a Mach 1 flow parallel to the interaction
beam (right axis). The data are plotted on top of a pF3d
simulation where ion-acoustic waves are driven to large am-
plitude in the front of the velocity plateau.

by the red-shifted intensity peak in the theoretical form
factor) is lower than that of the measured SBS driven
ion-acoustic wave by 1.1 A, which shows that SBS is de-
tuned by the velocity gradient (i.e. SBS-driven acoustic
waves are locally off resonance). Figure 8 shows that
the frequency of the driven ion-acoustic wave remains
unchanged as one moves away from the velocity plateau
and towards the front of the plasma. This indicates that
the frequency of the ponderomotive force driving the ion-
acoustic waves in the front of the plasma is constant.

From Fig. 9 it is apparent that SBS grows rapidly in
the plateau creating a large scattered light wave. This
scattered light wave beats with the incident light wave
creating a constant frequency ponderomotive force in the
front of the plasma (i.e., the frequency of the light scat-
tered from the plateau and the frequency of the incident
light are constant). From the resonant acoustic wave, it
is apparent that the acoustic resonance is changing as
one move towards the front of the plasma, therefore, the
constant ponderomotive frequency created in the plateau
is increasingly off resonance (right axis Fig. 8) in the
front of the plasma and the spatial amplitude of the ion-
acoustic waves can not resonantly grow in the front of
the plasma.

The experiment was simulated in 2-D using pF3d [1].
A f/6 RPP beam with a best focus of 60 xm and an av-
erage vacuum intensity of 10'® W cm~? was propagated



through a L = 1000 pm slab of plasma (T, = 450 eV,
n. = 1.2 x 10% ecm~3). A Mach 2 transverse flow and
the measured velocity profile along the propagation axis
were included (right axis Fig. 8)

Figure 8 shows the simulated spatial growth of the
ion-acoustic waves. The calculated amplitude profile is
shown in Fig. 9 after post-processing the simulation and
averaging over a 70 ym area similar to the experiments.
It is evident that large ion-acoustic waves are driven only
in the front half of the plasma. The velocity gradient
in the back of the plasma prevents any significant SBS
growth. The plateau in the middle provides a resonant
region where SBS drives a large ion-acoustic wave. In
the front of the plasma, the strong velocity gradient pre-
vents SBS growth at the local resonant frequency, but
the off-resonant ponderomotive force drives non-resonant
acoustic waves in the front of the plasma (Fig. 8).

While the amplitude of the driven acoustic waves (i—z)
is readily obtained from simulations, it has to be calcu-
lated from the measured intensity peaks in the Thomson-
scattering spectra. This is done by comparing the scat-
tered reflectivity from thermal fluctuations (i.e., the
power scattered into the left intensity peak in Fig. 2a
divided by the incident laser power), which is given by:

1
Rihermal = 4_7"(% neLBwAQe:cp

where rq is the classical electron radius, L3, is the length
along the direction of the 3w probe beam, and A,
is the solid angle of the collecting optics (an f/5 lens),
with the reflectivity scattered by the driven acoustic wave
given by:

145 9.9 on\?
Rd'r‘iven - ZroneASwLSch (n_€>
where én/n. is the amplitude of the acoustic wave and
L. its correlation length along the direction of the 3w
probe beam. L. can be estimated by the transverse size
of speckles generated by the interaction beam fy,, Ao, .
Figure 9 shows that this estimation of én/n. repro-
duces the overall spatial shape predicted by pF3d, but
the absolute amplitude is smaller by almost an order of
magnitude. Various factors can explain this discrepancy.
For instance, any misalignment of the optics, an overes-
timation of L., or enhanced thermal fluctuations would
lead to an underestimation of the acoustic wave ampli-
tude. Assuming the latter, we have verified that increas-
ing the amplitude of the thermal noise source used both
in the Thomson-scattering calculations and in the SBS
simulations by an order of magnitude gives a good agree-
ment between the measured and simulated wave ampli-
tude and spatial profiles. A study of the amplitude of the
thermal noise in laser-induced plasmas needs to be com-
pleted to investigate the discrepancies in the calculated
wave amplitudes seen in this and other studies [16].
Figure 10a plots the average SBS reflectivity as a func-
tion of the length of the plasma along the interaction
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FIG. 9: The measured amplitude of the excited ion-acoustic
wave (an) is plotted as a function of the position along the in-
teraction beam. The calculated amplitude profile from pF3d
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experiment is shown.
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FIG. 10: The (a) SBS reflectivity and (b) normalized ion-
wave amplitude are plotted as a function of plasma length
along the interaction beam axis.

beam (L). This scaling was done by using various sizes of
targets. The SBS reflectivity should scale exponentially
with the length of the velocity plateau. From simulations
it is apparent that there is no velocity plateau for targets
shorter than 600 microns. Therefore, the reflectivity be-
low this point is due to scattering from regions of the
plasma where there is a velocity gradient. In these cases,
the reflectivity is very sensitive to the actual shape of the
velocity gradient; and no simple scaling is available. As
shown previously, a very precise characterization of the
plasma conditions was necessary to model SBS from the
largest 1-mm targets (see Sec. IV A). Figure 10b shows
the measured ion-acoustic wave ratio (Rgyiven/ Bthermat)
in the middle of the plasma (z= 0) as a function of the
plasma length along the interaction beam (L).



B. Kinetic effects (Trapping)

When the intensity exceeds I > 1.5x 10 W em 2 it is
clear that even with a strong velocity gradient non-linear
kinetic effects are needed to explain saturation of the
SBS instability. In our range of experimental parameters
(6 < Zp.1./T; < 14) there are many particles at the
ion-acoustic phase velocity; therefore, non-linear kinetic
effects are a plausible mechanism to saturate SBS.

By adding small amounts of Au to our Be plasmas, we
were able to accurately measure an increase in ion tem-
perature when ion-acoustic waves were driven to large
amplitude. For these plasmas, the solution to the ki-
netic dispersion relation reveals two modes which re-
act qualitatively differently when the ion temperature is
changed. Namely, when the ion temperature is increased,
the damping of the two modes move inversely. Figure 11a
shows the multi-ion spectra for two different ion temper-
atures. These data are fit using a multi-ion form factor
with two free sensitive fit parameters (T;, T.) [17]. The
frequency shift of the outter peak is set by the electron
temperature, while the relative amplitude of the two in-
tensity peaks is determined by the ion temperature.

Figure 11b shows the ion temperature increase as a
function of the SBS excited ion-acoustic wave amplitude.
As the interaction beam excites ion-acoustic waves, the
ion temperature in the plasma was measured to increase,
while we found no change in the electron temperature.
Comparing Fig. 7 and Fig. 11b it is evident that the
increase in ion temperature is directly linked to the sat-
urated regime. This direct observation of an increase
in ion temperature is an indication of ion trapping. In
this experiment ion-acoustic waves are excited in the di-
rection of the interaction beam. These driven acoustic
waves trap ions which are then accelerated creating hot
ions. After thermalization this will increase the average
ion temperature which we have measured using Thomson
scattering.

Trapping induces a modification of the dispersion re-
lation for the SBS acoustic wave, creating a non-linear
frequency shift [25, 27, 33]. This non-linear frequency
shift detunes the SBS resonance therefore, saturating the
ion-acoustic wave. Using this trapping model, the calcu-
lated SBS reflectivity is close to the 5% measured in our
experiments [15].

Furthermore, we have tested this model by estimat-
ing the ion temperature in the Thomson-scattering vol-
ume. We balance the energy flux deposited into the ion-
acoustic waves (from the Manley-Rowe relations) with a
free streaming heat flux [8]. This model assumes that
the energy deposition is local and thermalization is fast
enough so that heat is carried away by Maxwellian ions
when a steady state is reached. Theoretical and exper-
imental ion-wave amplitudes were related by matching
a high reflectivity point; the model then reproduces the
experimental scaling for ion temperature (Fig. 11b).

Normalized Intensity (arb. units)

3510 3511
Wavelength (A)

lon-acoustic Wave Amplitude
(Nom. o thermal peaks)

FIG. 11: (a) The blue-shifted (thermal) part of the Thomson-
scattering spectra for a 10% Au mixture are shown for a shot
without the interaction beam (triangels) and a shot with an
interaction beam intensity of 7x10' W-cm™2 (squares) re-
sulting in an ion temperature from 250 eV to 475 eV. 0(b)
The ratio of T./T; as a function of the normalized ion-wave
amplitude shows evidence of the generation of hot ions and ion
trapping. The ion-wave amplitude is normalized to the ther-
mal ion-wave amplitude. Data for Be plasmas with 5% Au
(circles) and 10% Au (squares) show a factor of two increase
in ion temperature. The gray area represents calculated re-
sults from a simple energy balance between energy deposition
due to SBS and a free-streaming heat flux.

V. SUMMARY AND CONCLUSIONS

We have presented a detailed study of SBS saturation
mechanisms in low-Z Be plasmas. We find that detun-
ing of the SBS instability by velocity gradients and by
trapping are effective mechanisms for saturating the SBS
reflectivity. Direct evidence of detuning of SBS by a ve-
locity gradient was observed through a novel use of two
Thomson-scattering diagnostics, allowing us to directly
measure the frequency shift between the frequency of
the SBS driven acoustic wave relative to the local res-
onant acoustic frequency. Furthermore, we have shown
that adding small amounts of Au to our Be plasmas has
allowed us to accurately determine the ion temperature
by measuring the relative damping of two ion-acoustic
modes. We report up to a factor of two increase in ion
temperature when ion-acoustic waves are excited by SBS.
This increase in ion temperature is a strong indication of
hot ions due to trapping.

Trapping is an efficient saturation mechanism in low-
7 plasmas because there are significant particles at the
waves phase velocity, but in general trapping does not
explain saturation in high-7Z plasmas. Both the ion-
acoustic wave and SBS reflectivity have experimentally
been shown to saturate in high-Z plasmas [16]. Previous
non-linear saturation mechanisms such as two-ion-decay
or harmonic generation in high-7Z plasmas have been sug-
gested, but these effects have never been experimentally
or theoretically verified.

In part due to the measured kinetic effects, trapping
is currently being implemented in models to help simu-
late low-Z conditions [34], and experiments are underway
to investigate saturation mechanisms in high-7 plasmas.



Understanding the saturation mechanisms in high-Z plas-
mas is critical in the development of indirect-drive iner-
tial confinement fusion.
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Direct observation of stimulated Brillouin scattering (SBS) detuning by a velocity
gradient

D. H. Froula,” L. Divol, A. MacKinnon, G. Gregori, and S. H. Glenzer
L-399, Lawrence Livermore National Laboratory
Unawversity of California P. O. Box 808, CA 94551, U.S.A.

We report the first direct evidence of detuning of stimulated Brillouin scattering (SBS) by a
velocity gradient, which was achieved by directly measuring the frequency shift of the SBS driven
acoustic wave relative to the local resonant acoustic frequency. We show that in the expanding part
of the plasma, ion-acoustic waves are driven off-resonance which leads to the saturation of the SBS
instability. These measurements are well reproduced by fluid simulations that include the measured

flow.

PACS numbers: 52.25.Qt, 52.35.Fp, 52.40.Nk, 52.50.Jm

Stimulated Brillouin scattering (SBS) is the result of
the resonant ponderomotive coupling of an incident light
wave, a reflected light wave, and an ion-acoustic wave.
This resonance can drive ion-acoustic waves to large am-
plitudes. In principle, this process could result in the
reflection of a large fraction of the incident energy for
inertial confinement fusion (ICF) targets. In order to
minimize this energy loss, a good understanding of mech-
anisms that could limit SBS is important. In many tar-
gets, a velocity gradient within the expanding plasma
provides such a mechanism; the frequency of the local
acoustic waves is Doppler shifted, therefore, detuning the
three-wave resonant process [1].

In this letter, we present the first direct measurement
of SBS detuning by a velocity gradient. A novel use
of two Thomson-scattering diagnostics has allowed us
to directly measure the frequency and amplitude of the
ion-acoustic wave responsible for SBS as a function of
space. This is the first measurement that spatially re-
solves both the frequency and the amplitude of the ion-
acoustic waves directly responsible for SBS. These mea-
surements link the saturation of the SBS instability to
the frequency detuning from an expanding plasma. We
have independently measured the ion-acoustic frequency
and the frequency of the driven acoustic wave at various
positions in the plasma. Therefore, by comparing the
local ion-acoustic frequency with the local frequency of
the driven acoustic wave we have measured the actual
detuning of the SBS instability. The measured electron
temperature, velocity gradient, and electron density have
been included in fluid simulations which clearly support
the measured SBS detuning by a velocity gradient.

The experiments used a three-beam configuration at
the Trident Laser Facility [2]. The Be plasmas were
produced by a preform plasma beam with 180 J of 2w
(A = 527 nm) laser light in a 1.2-ns-long square pulse.
The preform plasma beam was focused normal to the
target surface using an f/6 lens and a strip line ran-
dom phase plate (Fig. 1¢). This produced a line fo-
cus with an intensity of 10 W e¢cm~2 and an initial
1000 gm x 100 gym Be plasma [3]. An interaction
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FIG. 1: (a) A diagram detailing the ion-acoustic wave-vectors
probed is shown. (b) A thermal Thomson-scattering spec-
trum (k1) and (d) a driven Thomson-scattering spectrum
(kj|) are shown. (c) The experimental setup is shown.

beam (50 J, 2w, 1.2-ns-long square pulse) was aligned
x= 400 pm from the target surface and was focused
to a 60 pm diameter spot, resulting in an intensity of
1.5 x 10> W ¢m~2. The interaction beam was used to
drive SBS which excites ion-acoustic waves with wave-
vector k| =2k, co-propagating in the direction of the
interaction beam. The backscattered SBS light was col-
lected and collimated by the focusing lens of the inter-
action beam. A fraction of the backscattered light was
focused on to a fast photodiode and two, 1/4-meter SRS
and 1-meter SBS, spectrometers. The SRS and SBS spec-
tra were measured with a respective resolution of 0.5 nm
and 0.45 A. The absolute SBS energy was measured with
the diode [4].

The third laser beam, 3w (A = 3513 A), was used
as a Thomson-scattering probe beam.  The probe
beam and Thomson-scattering collection optics define
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FIG. 2: (a) A constant electron temperature, T, = 450 eV, is
measured along the interaction beam axis. The Be is fully ion-
ized (Z =4). (b) Representative Thomson-scattering spectra
taken from the spectra in Fig. 1b (points) where light is scat-
tered from ion-acoustic fluctuations propagating perpendicu-
lar to the interaction beam (k| ); the theoretical form factor
is fit (line). (¢) Thomson-scattering data are shown collected
by the diagnostic observing ion-acoustic waves propagating
parallel to the interaction beam (k)|). The spectra (points) is
shown below averaged over 50 ps. The theoretical form fac-
tor (solid line) is fit to the blue-shifted light using a velocity
flow ﬁ = 0.7 and the electron temperature measured with
the first Thomson-scattering diagnostic (T. = 450 V). The
shaded region was optically filtered by x100.

a volume (70 pmx70 pmx60 pm) located at the
center of the chamber.  Light scattered from the
Thomson-scattering volume was imaged onto two sepa-
rate Thomson-scattering spectrometers. The interaction
beam is focused in the middle of this volume. The first
Thomson-scattering diagnostic probes ion-acoustic fluc-
tuations (Fig. 1b) propagating perpendicular to the in-
teraction beam (k = k ) and allows us to independently
measure the electron temperature, 7.. The geometry
(Fig. 1a) of the second Thomson-scattering diagnostic
was chosen to measure light scattered from SBS-driven
ion-acoustic waves (Fig. 1d) that are excited by the SBS
instability (k = kj|) [5].

The interaction beam was timed to turn on 1.0 ns after
the preform plasma beam. The 180 ps Gaussian Thom-
son probe beam was turned on 400 ps after the interac-
tion beam near the peak of the backscattered SBS light

The plasma has been well-characterized; Fig. 2a shows
a constant electron temperature profile (T. = 450 eV)
along the interaction beam axis. The location of the
Thomson-scattering volume and the focus of the interac-
tion beam remained at TCC throughout the experiment;
the target (and the preformed plasma beam) was moved
to probe different positions in the plasma parallel to, and
400 pm from, the surface of the target.

Figure 2b shows a Thomson-scattering spectrum taken
from the streak data in Fig. 1b. Two peaks corresponding
to ion-acoustic fluctuations propagating along the direc-
tion of k| are evident. Fitting the data using a stan-
dard theoretical form factor gives the electron temper-
ature [6] . The measured peaks are broadened by ve-
locity gradients perpendicular to the interaction beam.
This broadening is to be expected as the initial plasma
length is only y= 100 gm in the perpendicular direction;
this Thomson-scattering diagnostic probes the plasma
expanding in the perpendicular direction. The measured
width of the peaks (6\) gives an estimated velocity range
20 (5 ) = 0.5 within the Thomson-scattering volume.
The instrument function of the spectrometer was mea-
sured to be 0.2 A.

The blue-shifted intensity peak in the spectra mesured
by the second Thomson-scattering diagnostic is a di-
rect measure of the local resonant frequency of the ion-
acoustic waves in the laboratory frame (—kj). The fre-
quency of the scattered light in the laboratory frame is
shifted from the laser frequency in two ways: by the fre-
quency of the probed ion-acoustic wave (w = c.k|| where
¢s is the sound speed which is a function of the elec-
tron temperature), and by the overall flow, ug, of the
plasma relative to the frame of the laboratory (Doppler
shift kH -ug ) which leads to a wavelength shift in the
Thomson-scattered light given by,

An - M
A= %ku -(cst+ug) .
Since the electron temperature is known, the plasma
flow parallel to the z-axis is determined from the local
frequency shift between the frequency of the Thomson-
scattering probe (A3, = 3513 A) and the blue-shifted
intensity peak.

Figure 2¢ shows a Thomson-scattering spectra in which
two intensity peaks can be observed. The blue-shifted
intensity peak is fit using the independently measured
electron temperature, and a flow of = = 0.7 is measured.
Note that the use of two Thomson-scattering diagnostics
is necessary as the SBS-driven acoustic wave is not al-
ways at the local resonant ion-acoustic frequency. This
is evident in Fig. 2¢c, where the red-shifted intensity peak
and the corresponding resonant intensity peak are offset
by 1.1 A.

Figure 3d shows the plasma flow along the z-axis
measured from the frequency of the local resonant ion-
acoustic fluctuations (—kj). A 200 gm velocity plateau
is measured in the center of the plasma; a Mach 1 flow
was measured in the front edge of the plasma. One can
directly observe the effect of the velocity gradient on SBS
from the frequency mismatch between the measured fre-
quency of the SBS driven acoustic wave, and the mea-
sured frequency of the local resonant waves.

Figure 3 shows spectra for representative data shots at
three positions in the plasma; the frequency of the driven
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FIG. 3: Thomson-scattering spectra at z= (a) —375 um, (b)
—250 pm, and (¢) —125 pm are shown. The increasing shift
of the thermal peak (blue peaks) indicates a velocity flow.
One can see that the frequency of the SBS-driven ion-acoustic
wave remains unchanged (red peaks). The shaded area has
been filtered by a factor of 10. (d) The wavelength shift for the
two peaks are plotted for every Thomson-scattering spectra
obtained. The wavelength shift of the red-shifted peaks (red
points) reveals off-resonant ion-acoustic waves in the front
of the plasma. A pF3d simulation is shown (color) where
large acoustic waves are driven in the plateau region and the
frequency of the driven acoustic waves remain constant in the
front of the plasma (red line).

ion-acoustic wave remains unchanged (A = 3515 A) while
the frequency of the local thermal ion-acoustic waves
(—k;|) increase as one moves from the plateau to the front
of the plasma (this increase is a direct effect of the plasma
flow as the electron temperature is constant). SBS light
is scattered from the velocity plateau where large reso-
nant acoustic waves grow exponentially (shadded region
Fig. 4¢). The light scattered from the plateau and the
incident light create a constant ponderomotive force with
a constant frequency profile in the front of the plasma.
This constant frequency ponderomotive force drives non-
resonant acoustic waves (i.e., the velocity gradient shifts
the resonant frequency from the constant frequency of
the ponderomotive force).

The experiment was simulated in 2-D using pF3d [7].
A f/6 RPP beam with a best focus of 60 ym and an

average vacuum intensity of 10> W em~? was propa-
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FIG. 4: (a) The intensity of the interaction beam is plotted
70 ps into the pF3d simulation. (b) The ion-acoustic waves
are large in the front of the plasma. (¢) The measured am-
plitude of the excited ion-acoustic wave (diamonds) is plotted
as a function of the position along the interaction beam. The
amplitude profile given by pF3d is also plotted (solid). The
shaded region represents the velocity plateau.

gated through a 1000 um slab of plasma (7. = 450 eV,
ne = 1 x 1029 em™3). A Mach 2 transverse flow (lat-
eral expansion of the target) and the measured velocity
profile along the propagation axis shown in Fig. 3d were
included.

Figure 4a shows a plot of the interaction beam 70 ps
into the simulation. Intensity of the most intense speckles
is around 4 x 10'® W em 2. A linear non-local heat
transport model was used, but had only a small effect on
the results. The maximum local temperature fluctuation
observed was % ~ 30% in the most intense speckles.
The transverse flow suppressed most of the filamentation

and the simulations show little beam bending (Fig. 4a).

Figure 4b and the solid line in Fig. 4¢c show that large
ion-acoustic waves are driven by SBS only in the front
half of the plasma [8]. The velocity gradient in the back
of the plasma prevents any significant SBS growth. The
plateau in the middle provides a resonant region where
SBS drives ion-acoustic waves exponencially to large am-
plitude. In the front of the plasma, the strong velocity
gradient prevents SBS growth at the local resonant fre-
quency, but the reflected light coming from the plateau
and the incoming light provide a constant frequency pon-
deromotive force that drives non-resonant acoustic waves
as seen between z= —200 pgm and z= —400 gm in Fig. 3.
As one moves away from the plateau and towards the
front of the plasma, the acoustic wave amplitude slightly
decreases as the ponderomotive driver is increasingly off-
resonance (Fig. 4c). This effect of detuning SBS by a
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velocity gradient is further verified by post processing
the simulation providing a measure of the local frequency
of the driven ion-acoustic waves. This agrees well with
the experimentally measured frequencies, as shown in
Fig. 3d; off-resonant driven ion-acoustic waves are evi-
dent in the front part of the plasma.

While the amplitude of driven acoustic waves (i—Z) is
readily obtained from simulations, it has to be calculated
from the intensity peaks in the Thomson-scattering spec-
tra. This is done by comparing the scattered power from
thermal fluctuations (i.e., the power scattered in to the
left intensity peak in Fig. 2¢), with the power scattered
by the driven acoustic wave which gives the ratio,

Piriven 92 on 2

Pthermal N ne)‘SWAQEOSpLC <n5> (1)
where dn/n. is the amplitude of the acoustic wave, L,
its correlation length along the direction of the 3w probe
beam, and AQ.,, is the solid angle of the collectiong
optics (an f/5 lens). L. can be estimated by the trans-
verse size of speckles generated by the interaction beam
SowAaw-

Figure 4c shows that the estimation of 6n/n. from
Eq. 1 reproduces the overall spatial shape predicted by
pk3d, but the absolute amplitude is smaller by almost an
order of magnitude. Various factors can explain this dis-
crepancy. For instance, any misalignment of the optics,
an overestimation of L., or enhanced thermal fluctua-
tions would lead to an underestimation of the acoustic
wave amplitude. Assuming the latter, we have verified
that increasing the amplitude of the thermal noise source
used both in the Thomson-scattering calculations and
in the SBS simulations by an order of magnitude gives
a good agreement between the measured and simulated
wave amplitude and spatial profiles. A study of the am-
plitude of the thermal noise in laser plasmas needs to be
completed to investigate the discrepancies in the calcu-
lated wave amplitudes seen in this and other studies [9].

A peak SBS reflectivity of 6% was measured. The SBS
spectrum (Fig. 5) confirms our analysis of the effect of
the velocity gradient on SBS. The frequency of the peak
intensity corresponds to the resonant acoustic frequency
in the velocity plateau. The spectrum has a tail towards
the fundamental frequency that corresponds to light scat-
tered from the flow propagating towards the detector.
There is a sharp cutoff towards higher wavelengths indi-
cating that there is no scattering coming from the back of
the plasma where the velocity flow is propagating away
from the detector. This is consistent with the fact that
we measure very small ion-acoustic waves in the back
portion of the plasma (Fig. 4¢). Overall, the SBS spec-
trum is characteristic of the central plateau, while the
expanding plasma only slightly modifies its shape.

In summary, we have presented the first direct mea-
surement, of SBS detuning by a velocity gradient. We
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FIG. 5: Ths SBS spectra is plotted as a function of intensity.
The peak intensity corresponds to light scattered from the
velocity plateau; a tail towards the fundamental frequency
corresponds to light scattered from ion-acoustic waves in the
front of the plasma.

studied an expanding plasma with a central velocity
plateau. The frequency mismatch between the frequency
of the SBS driven ion-acoustic wave and the local res-
onant frequency (as measured from thermal waves) was
mapped throughout the plasma. It was found that acous-
tic waves in the flow are driven off-resonance by the pon-
deromotive force with a beat frequency created by the
incoming light and the light reflected from the plateau.
This detuning inhibits further SBS growth in the expand-
ing plasma. These findings are important to many laser-
plasma experiments and occurs in various ICF direct-
drive [10] and indirect-drive targets [9]. We have shown
that the SBS spectrum gives insight into the locations
of SBS growth, and Thomson scattering on driven ion-
acoustic waves provides a direct verification of the effect
of a velocity gradient on SBS.
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